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ABSTRACT
Thermal Stress Analysis for Early Age Mass Concrete Members

Yun Lin

Research findings in the past have demonstrated that the heat of hydration can induce
thermal cracking in early age concrete. The disproportionate thermal expansion can cause
considerable tensile stresses at concrete surfaces. The minimum size of mass concrete has
remained unsolved due to the complexity of the problem. In this study, a way to predict early
age concrete temperature and associated thermal stresses is described, including the needed
experimental testing and finite element modeling technique.
In thermal analysis, an adiabatic calorimeter was designed and built to measure the
adiabatic temperature rise of the concrete. The measured adiabatic temperature rise was
converted into a mathematical formulation for finite element modeling. Thermal properties
including specific heat and thermal conductivity were considered to be degree of hydration
dependent and determined individually for each element in the model. The interface
conductance between concrete and steel formwork was determined experimentally and put in
place to account for the thermal resistance from the concrete-formwork interface. External
surface convection for formwork-air interface was used to calculate surface heat loss.
In order to calculate the thermal stresses, the degree of hydration was utilized to estimate
the elastic modulus development. Concrete tensile creep and compressive creep behaviors were
included using a step-by-step incremental calculation algorithm. Influences from loading age and
temperature effect were considered in each time increment of the creep models. Based on test
results from concrete cubes, the modeling method and experimental procedures used in this study
were validated to exhibit reasonable accuracy in terms of temperature and strain predictions. The
thermal and stress analysis models can be used to calculate the temperature profile and thermal
stress development histories for early age concrete.
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CHAPTER 1 INTRODUCTION
1.1 Background
During the hydration of early age concrete, a large amount of heat is liberated due to a
number of chemical reactions. The external heat loss of the trapped heat inside of the concrete
body can create a large temperature differential between the center and surface. The temperature
differential can cause considerable tensile stresses at the concrete surfaces due to non-uniform
thermal expansion. This surface tensile stresses are widely referred as thermal stresses or
thermally induced stresses. The thermal stress can exceed the tensile strength while the concrete
strength is not fully developed and cause thermal cracking (Figure 1-1). Figure 1-2 shows a
thermal cracking found in Shenandoah River Bridge in Martinsburg, West Virginia.

Figure 1-1: Behavior of hydrating early age mass concrete
Concrete members with larger dimensions are generally more in danger of having
thermal cracks and often referred as mass concrete. The definition of mass concrete was made
by the American Concrete Institute (ACI 301-10) as: “Any volume of concrete with dimensions
large enough to require that measures be taken to cope with generation of heat from hydration of
cement and attendant volume change to minimize cracking." No exact dimension for mass
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concrete is stated by ACI. The minimum size of mass concrete varies from 0.6 m (2 ft) to 2 m (7
ft) among U.S. transportation agencies.

Figure 1-2: Behavior of hydrating early age mass concrete
Determining the minimum size of mass concrete is a difficult problem, because thermal
stress is difficult to predict. Concrete expands and contracts due to temperature changes. Any
restraint against the expansion or contraction movements creates thermal stresses. There are two
types of restraint: external restraint and internal volume restraint. Any thermal cracking close to
the external support is mainly due to external restraint such as a long wall structure fixed to the
ground. However, the effect of internal volume restraint can be more critical when the volume
of object is relatively large. The focus of this study is to analyze thermal stresses due to volume
restraint. Figure 1-1 is a good representation of an early age concrete subjected to a large center
to surface temperature differential and thermal stresses due to internal volume restraint.
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1.2 Problem Statement
A thermal control plan for mass concrete members is required for quality control
purposes. A thermal control plan is necessary in order to lower the center maximum temperature
and the temperature differential between the center and the surface of the early age concrete
member. Generally speaking, a unit bid price of the mass concrete is significantly higher versus
non-mass concrete.

In West Virginia, the maximum allowable center temperature and

temperature differential are 70 °C (158 °F) and 20 °C (35 °F). For any violation, a penalty, such
as $100 per excessive degree Fahrenheit per cubic yard of concrete poured into the structure can
also be charged. The extra costs of mass concrete are very significant. The estimation of
material cost becomes very difficult to make without a clear definition of mass concrete to
identify the mass concrete members prior to the construction. In West Virginia, the current
minimum mass concrete dimension is 1.2 m (4 ft) excluding drilled Caissons, tremie seals and
Class D concrete (WVDOT Special Provision, 2010, Section 601). In reality, many other things
can also influence the minimum size of mass concrete such as mix design, geometry, surface
protection, ambient temperature and so on.

For example, concrete members over 1.2 m can

exhibit no thermal cracking in the ideal conditions, while concrete members less than 0.6 m can
have thermal cracking if not properly protected. Therefore, a scientific approach is needed to
address the mass concrete definition. In order to determined the minimum size for mass concrete,
a series of experimental testing procedures and finite element modeling will be described to
predict the temperature profile history and the associated thermal stresses in early age concrete.
1.3 Objective
The primary objective of this dissertation is to study the actual behaviors of the early age
concrete, including the temperature development and the associated thermal stresses. Finite
3

element models were developed to calculate the temperature profile and the thermal stress
development histories.

Thermal stress and estimated tensile strength were evaluated and

compared based on the experimental measurement and modeling results.

After that, a

preliminary mass concrete definition was developed based on the modeling results on concrete
members with various sizes and geometries. This study has a total of four phases.
1. Conduct a literature review.


Understand the behaviors of early age concrete under variable and non-uniform
temperature distributions.



Understand the related thermal and mechanical properties of early age concrete.



Design for the needed experimental testing and analytical modeling.

2. Carry out field experiments and material property testing.


Perform a few case studies by using concrete cubes with different sizes, mix designs and
locations. Collect temperature profile and strain data from the embedded sensors in the
concrete cubes.



Test the related thermal and mechanical properties of different mix designs including
adiabatic temperature rise, thermal diffusivity, mass density, activation energy, elastic
modulus, compressive strength, tensile strength, thermal expansion coefficient and
viscoelasticity.

3. Create analytical models and obtain thermal stress predictions for early age concrete.


Create a thermal analysis model to predict the temperature profile histories.
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Create a stress analysis model to predict the thermal stress development based on the
predicted temperature profile histories.



Validate the analytical results with experimental measurements.

4. Develop preliminary mass concrete definitions for concrete bridge pier-stems.


Evaluate the thermal stress to strength relationship from finite element modeling results
for three common pier stem geometries using a mix design which represents a thermally
worst case scenario.

1.4 Contributions
In this study, a way to predict early age concrete temperature and associated thermal
stresses is described, including the needed experimental testing and finite element modeling
technique.

To maximize the modeling accuracy, all the material related parameters were

addressed in details. Finite element models of thermal and stress analysis were created using an
ABQUS CAE program with the aid of subroutines created in this study to maximize modeling
accuracy.
For thermal analysis, the adiabatic temperature rise of the concrete was determined
experimentally using the adiabatic calorimeter developed in this study and converted into a
mathematical formulation for finite element modeling. Thermal properties including specific
heat and thermal conductivity were considered to be degree of hydration dependent and
determined individually for each element in the model. The interface conductance between
concrete and steel formwork was determined experimentally and implemented to account for the
thermal resistance provided by the interface. External surface convection for formwork-air
interface was used on the formwork surface.
5

For stress analysis, the degree of hydration was used to estimate the elastic modulus
developments. Concrete tensile creep and compressive creep behaviors were included using a
step-by-step incremental calculation algorithm. The influences from loading age and temperature
effect were considered in each time increment in the creep models.
Based on the test results from concrete cubes, the modeling method and experimental
procedures used in this study were validated to exhibit reasonable accuracy in terms of
temperature and strain predictions. The thermal and stress analysis models can be used to
calculate the temperature profile and thermal stress development histories for early age concrete.
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CHAPTER 2 LITERATURE REVIEW
Concrete hydration produces heat and causes a temperature rise within the concrete body.
It is known as the heat of hydration which is liberated from the chemical reactions between
cement and water (Dusinberre 1945; Wilson 1968). Cement hydration can produce up to a total
of 500 Joules per gram of cement while concrete is a poor thermal conductor (Neville, 1995).
Heat of hydration and external heat loss can cause excessive temperature differentials between
the core and the surface of concrete. Nonuniform thermal expansion can cause large tensile
stresses on the concrete surfaces before reaching its full tensile strength. Thermal cracking is
likely to occur when the thermal stress exceeds the tensile strength. Early age thermal cracking
due to hydration heat has been a problem since the beginning of 20th century Lange and Altoubat,
2003).

In modern concrete member constructions, the cement content is often raised to

accelerate strength gain so that the formwork can be removed earlier. However, this action
increases the heat of hydration which leads to higher risks of thermal cracking. In modern
concrete constructions, thermal cracking can develop even for small concrete members such as
0.5 meters in size.
2.1 Ordinary Portland Cement
Ordinary Portland Cement (OPC) is the most commonly used cementitious material in
concrete structures. OPC is primarily composed of C3S (alite), C2S (belite), C3A (aluminate)
and C4AF (aluminoferrite). According to ASTM C 150, there are five different types of cement:
general purpose (Type I), moderate sulfate resistance (Type II), high early strength (Type III),
low heat of hydration (Type IV) and high sulfate resistance (Type V). The typical compound
compositions of the five types of OPC are shown in Table 2-1.
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Table 2-1: Typical compound composition of Portland Cement (Mindess and Young, 1981)

2.2 Effect of Compound Composition on Heat of Hydration
The cement type influences the heat of hydration due to different compound
compositions. C3S and C3A have the highest contributions to heat generation during hydration.
Type IV cement (low heat of hydration) replaces part of C3S and C3A with C3A and C4AF to
reduce heat generation in the early age. Based on Neville's (1995) research, the influences of
C3S and C3A on heat evolution are shown in Figure 2-1 and Figure 2-2. He also showed the
differences in heat generations of the five types of cement (Figure 2-3). In general, the increase
of C3S and C3A content has an increasing effect on the heat of hydration. The samples used for
experiments in Neville (1995) were cured at 21 °C with a water cement ratio of 0.4.
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Figure 2-1: Influence of C3S content on heat evolution (Neville, 1995)

Figure 2-2: Influence of C3A content on heat evolution (Neville, 1995)
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Figure 2-3: Heat of hydration for different cement types (Neville, 1995)
2.3 Effect of Cement Fineness on Heat of Hydration
The fineness of the cement can change the rate of hydration and heat generation (Bush et
al. 1995). The rate of chemical reactions can be increased by increasing the fineness of cement
due to enlarged surface areas of cement particles. Thus, heat generation and strength gain are
accelerated. As shown in Table 2-1, Type I cement (general purpose) has a typical fineness of
365 m2/kg, while the fineness of Type III cement (high early strength) is 550 m 2/kg. In fact, the
compound composition is very similar between Type I and Type III cement. The only major
difference is the fineness (Table 2-1). However, the cement fineness can only affect the rate of
hydration in the early age, while the total heat of hydration remains unaffected by cement
fineness according to Mindess and Young (1981).
2.4 Total Heat of Hydration
The total heat of hydration is the total released thermal energy when hydration is fully
completed. The total heat of hydration of the cement (Hcem) is the summation of each individual
10

compound. Hcem in Joules per gram of cement can be calculated using Bogue's calculation as
shown in Eq. 2.1 (Neville, 1995). The P values in Eq. (2.1) present the percentages of the
chemical components.
Hcem = 570 PC3S + 260 PC2S + 840 PC3A + 126 PC4AF

(2.1)

Later, a more comprehensive version of this approach was published which account for
the presence of free calcium, sulfur and magnesium oxide (Eq. 2.2) (Schindler and Folliard, 2005;
ASTM C 150). The Bogue composition (PC3S, PC2S, PC3A and PC4AF) can be calculated using the
Eq. (2.3) to Eq. (2.6) (ASTM C 150). Note that these equations only work for Portland Cement.
If one or both of Ground Granulated Blast-Furnace slag (GGBFs) and Fly Ash (FA) are added to
the concrete mixture, the total energy Hu can be calculated using Eq. (2.7) (Schindler & Folliard,
2005).
Hcem = 500 PC3S + 260 PC2S + 866 PC3A + 420 PC4AF + 624PSO3
+ 1186PFreeCaO + 850 PMgO

(2.2)

C3S = 4.071CaO - 7.6SiO2 - 6.718 Al2O3 - 1.43Fe2O3 - 2.852SO3 - 5.188CO2

(2.3)

C2S = 2.867SiO2 - 0.754C3S

(2.4)

C3A = 2.65Al2O3 - 1.692Fe2O3

(2.5)

C4AF = 3.043Fe2O3

(2.6)

𝐻𝑢 = 𝐻𝑐𝑒𝑚 𝑃𝑐𝑒𝑚 + 461𝑃𝐺𝐺𝐵𝐹𝑆−100 + 1800𝑃𝐹𝐴−𝐶𝑎𝑂 𝑃𝐹𝐴

(2.7)
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2.4.1 Cement hydration stages
Hydration starts when Portland Cement is in contact with water. Over time, the paste
passes from a fluid state to a solid state. Heat release and strength gain occur simultaneously
during the hydration process. As shown in Figure 2-4, a typical cement hydration can be
grouped into five different stages (Byfors, 1980; Mindess and Young, 1981). Stage I takes place
as soon as the cement is in contact with water. Heat release starts immediately, but only last for
15 to 30 minutes. This amount of heat influences the initial temperature of fresh concrete prior
to the concrete placement. In Stage II, the chemical reactions are mostly inactive while almost
no heat release can be observed. At the beginning of Stage III, after the initial set time is reached,
both heat release and strength gain rapidly accelerate. The final set time is also reached during
Stage III when the penetration resistance of the cement paste reaches 27.6 MPa (4000 psi)
(ASTM C 150). The rate of chemical reaction decelerates in stage IV and reaches a steady state
in Stage V.
The chemical reactions of cement hydration are complicated, but can be generalized into
a few chemical reactions from the four main types of components: C3S, C2S, C3A, and C4AF.
The chemical reactions of calcium silicates (C3S and C2S) are described in Eq. (2.8) and Eq.
(2.9). As the primary reaction product, the main function of calcium silicate hydrate (C3S2H8 or
C-S-H) is to serve as a binder contributing to the concrete strength and durability. The ultimate
strength increases as the C-S-H content increases. As shown in Eq. (2.10) and Eq. (2.11), both
tri-calcium aluminate (C3A) and tetra-calcium aluminoferrite (C4AF) produce similar hydration
products. The precipitation of ettringite contributes to setting and early age strength development.
The difference between C3A and C4AF is that the chemical reaction of C3A happens much more
rapidly (Byfors, 1980).
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Figure 2-4: Five Stages of the hydration process (Byfors, 1980)

2C3S + 11H → C3S2H8 + 3CH

(2.8)

2C2S + 9H → C3S2H8 + CH

(2.9)

C3A + 3CŠH2 + 26H → C6AŠ3H32

(2.10)

C4AF + 3CŠH2 + 21H → C6(A,F)Š3H32 + (F,A)H3

(2.11)

2.4.2 Adiabatic calorimetry for concrete hydration
Accurately monitoring the concrete heat of hydration is crucial in order to compute the
temperature development inside a concrete body. Adiabatic calorimetry is an accurate way to
measure the adiabatic temperature rise (ATR) of concrete samples.

The basic concept of

adiabatic calorimeter design is to match the curing temperature as close as possible to the
concrete sample. Gibbon (1997) described a design of an adiabatic calorimeter. In Gibbon's
design, the concrete sample is cured at a large water tank with controlled water temperature. The
water temperature is controlled to match the concrete sample based on the readings of two
temperature probes (Figure 2-5). The same approach was also used in Ballim and Graham
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(2003). RILEM (1998) described another adiabatic calorimeter design using circulated water
and thermal jacket. In this study, Gibbon's approach was adopted in the adiabatic calorimeter
design to measure the adiabatic temperature rise of concrete samples.

Figure 2-5: Schematic arrangement of the adiabatic calorimeter (Gibbons ,1997).
2.4.3 Degree of hydration
The degree of hydration (α) is the ratio of the quantity of hydrated and total cementitious
material ranging from 0% to 100% (Van Breugel, 1998). The degree of hydration can be
determined based on the heat generation. At any time (t), the degree of hydration (α(t)) is the
ratio of heat generated (H(t)) and the total available heat (Hu) (Eq. 2.12). For OPC, Hu is equal
to Hcem. Mills (1966) noted that hydration can never reach 100%, but stops at an ultimate degree
of hydration. The ultimate degree of hydration (αu) is influenced by the water cement ratio (w/c).
αu can be calculated using Eq. (2.13) (Mills, 1966).
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𝑎(𝑡) =
𝛼𝑢 =

𝐻(𝑡)

(2.12)

𝐻𝑢

1.031∙𝑤/𝑐

(2.13)

0.194+𝑤/𝑐

An exponential equation (Eq. 2.14) was developed to describe the "S" shape of the
hydration curve (Freiesleben Hansen and Pedersen, 1985; Pane and Hansen, 2005). Equivalent
age or maturity (te) is used to account for the temperature effect on concrete hydration. Ultimate
degree of hydration (αu) and Hydration parameter (τ and β) are used to control the shape of the
hydration curve. The effects of each individual parameter (αu, τ and β) on the hydration curve
are illustrated in Figure 2-6, Figure 2-7 and Figure 2-8 (Folliard et al. 2008).
𝜏 𝛽

𝛼(𝑡𝑒 ) = 𝛼𝑢 exp (− [ ] )
𝑡

(2.14)

𝑒

Figure 2-6: The effect of increasing αu (Folliard et al. 2008)
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Figure 2-7: The effect of increasing τ (Folliard et al. 2008)

Figure 2-8: The effect of increasing β (Folliard et al. 2008)
2.4.4 Maturity method
The strength development of early age concrete is highly depending on the curing
temperature. For example, a concrete sample cured at 40 °C for one day can be more than twice
as strong as an identical sample cured at 20 °C for the same period of time. The maturity method
has been used since the 1950s to account for the combined effect of the concrete temperature and
aging on the strength development of hardening concrete. McIntosh (1949) first published the
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idea that the rate of concrete strength gain is a function of time and temperature. The "maturity
rule" (Saul 1951) states that "Concrete of the same mix at the same maturity (reckoned in
temperature time) has approximately the same strength, whatever combination of temperature
and time go to make up that maturity."
Nurse (1949) and Saul (1951) assigned the term "maturity" to be the product of time and
temperature. Saul (1951) also suggests the use of datum temperature within the maturity
calculation. The Nurse-Saul maturity method was interpreted by Carino (1984) and implemented
in ASTM C 1074 (Eq. 2.15).

𝑀 = ∑(𝑇𝐶 − 𝑇0 ) ∆𝑡

(2.15)

where, M = Nurse-Saul maturity index at age t (°C • hours)
TC = average concrete temperature during the ∆t (°C)
T0 = datum temperature (°C)
∆t = time interval (hours)
Copeland et al. (1962) suggested that the Arrhenius equation can be used to calculate the
nonlinear rate of cement hydration while considering the temperature effect. Freiesleben Hansen
and Pederson (1977) published the Arrhenius maturity function which was also included in
ASTM C 1074 (Eq. 2.16). The Arrhenius maturity function (Eq. 2.16) has its advantage over Eq.
(2.15) because the activation energy (Ea) was included. The activation energy is a measure of
sensitivity to temperature of a specific cementitious material.

𝑡

𝐸

1

1

𝑡𝑒 = ∫0 exp ( 𝑎 ( − (𝑡))) 𝑑𝑡
𝑅 𝑇
𝑇
𝑟

(2.16)

𝑐
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where,

te = Equivalent age at Tr (hours)
TC = average concrete temperature during ∆t (°C)
Tr = reference temperature (°C)
Ea = activation energy (J/mol)
R = universal gas constant, 8.3144 J/ (mol • K).

2.5 Mass Concrete
Originally, mass concrete refers to concrete members with massive size such as dam
structures. Different methods were used to reduce temperature differentials in early age mass
concrete.

Pre-cooling and post-cooling were implemented in dam constructions to reduce

temperature differentials. Pre-cooling is performed before concrete placement by using cold
aggregates, chilled water or any other way to reduce the temperature of fresh concrete. Postcooling is performed by installing cooling pipes to reduce the internal concrete temperature. In
the early 1930s, the first major use of post-cooling was documented in the construction of
Hoover Dam (Wilbur et al. 1933). Pre-cooling was first used in the construction of Norfork Dam
in the early 1940s. Later on, Researchers realized that thermal cracking can also occur in smaller
concrete members such as a bridge pier-stem. Instead of only paying attention to temperature
control, researchers began to study the thermal stress to strength relationship. In general, thermal
stress can be approximated by quantifying the temperature distribution (thermal gradient),
coefficient of thermal expansion, modulus of elasticity, creep or relaxation and degree of
restraint (Ross and Bray, 1949; Rhodes 1978; Polivka and Wilson, 1976). If the tensile stress
exceeds the tensile strength of the concrete, cracking will occur (Houghton 1972; Houghton 1976;
Dusinberre 1945).
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2.5.1 ACI definition and guidelines
As mentioned in Chapter 1, ACI does not specify the minimum dimensions for mass
concrete. In ACI 301-10, mass concrete is defined as any volume of structural concrete that
needs a thermal control plan due to elevated temperatures from hydrating concrete. To minimize
thermal cracking, ACI 301-10 limits the center maximum temperature (< 70 °C or 158 °F) and
maximum temperature differential (< 20 °C or 35 °F).

Concrete temperatures should be

measured hourly from the time the concrete is placed until the differential between internal
concrete temperatures and the average daily ambient temperatures is below the maximum value,
after the peak temperature has been reached. At a minimum, two temperature sensors should be
placed at the center of the mass concrete and two temperature sensors on the closest exterior face,
5 cm (2 in) from the surface.
2.6 Thermal Stress Analysis Models
In the late 1960s, researchers made a few attempts to calculate the thermal stresses due to
early age hydration heat. At that time, the considerations were the concrete temperature and
stiffness when the concrete mixture turns from semi-liquid state to solid state. The major
difficulty was that the degree of restraint in a 3-D body could not be calculated using the
conventional method (Springenschmid, 1998). More recently, 3-D stress modeling became
easier using the modern computer technology.
In recent years, researchers attempted to solve the problem using various computer
programs. ConcreteWork is a free software to predict both temperature profile and cracking
index for mass concrete members (Riding, 2007; Poole, 2007; Folliard et al., 2008).

In

ConcreteWork analysis, heat of hydration can be calculated by providing the mix design details
such as ingredient proportions, cement type and aggregate type. The heat of hydration results is
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based on the test results using a semi-adiabatic calorimeter. However, the temperature profile
predictions were found to be inaccurate by Bobko et al. (2012), Jinxin (2012), Jacob Shaw (2012)
and Chen et al. (2015).

Robins (2007) pointed out large errors were found between

ConcreteWork model and experimental measurement in the heat of hydration. In addition,
ConcreteWork is incapable of performing 3D stress analysis (Bobko et al., 2012).
Both Florida and North Carolina Department of Transportation carried out research
programs to evaluate thermal stress in mass concrete using TNO DIANA software (Tia et al.
2010; Bobko et al. 2012). TNO DIANA provided a module specifically designed for thermal
stress analysis. However, modeling of creep behavior of early age concrete was not documented
in their report. Lee et al. (2014) published their thermal stress analysis results using Midas Civil;
however, the results may not be accurate due to the following two reasons. The temperature
effect on material properties was not considered. The temperature effect on heat of hydration
was not considered. Wu et al. (2011) created a model using ANSYS, which considers the
property changes during concrete hydration as well as the temperature effect on the heat of
hydration. A surface convection model was also used to simulate the surface heat loss. However,
improvement was still needed for modeling the contact properties of the interfaces (e.g.
formwork to concrete interface) and the creep behavior of early age concrete.
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CHAPTER 3 ADIABATIC CALORIMETRY FOR EARLY AGE
CONCRETE
3.1 Introduction
The most reliable method to determine the heat of hydration for a concrete sample is to
use the calorimetry method. The adiabatic temperature rise (ATR) is often measured and used to
describe the concrete heat of hydration. There are three testing methods to obtain the adiabatic
temperature rise (ATR): isothermal, semi-adiabatic and adiabatic. Isothermal test (ASTM C1679)
provides a constant curing temperature of the test sample. The heat of hydration is directly
measured by monitoring the heat flow out of the sample. The sample size is usually limited to a
few grams, therefore only cement or cement mortar paste can be used. The test duration is
limited to seven days due to the limitation on the sensitivity level of the heat flow sensor. Semiadiabatic test (RILEM, 1998) allows a small rate of heat loss (100 J/K/hr) by providing adequate
insulation. A heat loss compensation is required to obtain the ATR curve. In addition, a time
axis correction is required, because the concrete would be hydrating in a different rate if there
was no heat loss. The use of maturity concept and the value of activation energy are required for
the heat loss compensation and time axis correction. Adiabatic test (Gibbon, 1997; RILEM,
1998) provides an adiabatic environment for the test sample and directly measures the ATR. The
limitation of the heat loss is set to be 0.02 K/hr. Among the three methods, adiabatic calorimeter
is conceptually the simplest but the most difficult to conduct. Adiabatic calorimetry also has the
highest accuracy among the three testing methods (Radjy, 2007).
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3.2 Calorimeter Designs
The basic concept of an adiabatic calorimeter is to eliminate the heat transfer by matching
the temperature of the surrounding medium with the concrete sample. The surrounding medium
can be water, air or heated containers (RILEM, 1998).

Two adiabatic calorimeters were

designed and built in this study. The first design is shown in Figure 3-2. A water insulated
container (A) with concrete sample (15 cm x 15 cm cylinder, C) was completely submerged into
a much larger steel water tank (B). Container A is carefully sealed to prevent water leakage. 5cm thick lightweight foam layer was used to stabilize the temperature of the concrete sample.
The thermal capacity of the foam layer is negligible in comparison with the concrete sample.
Two 1000-watt heaters and two water stirrers were placed inside of the water in Container B.
Two resistance temperature detectors (RTD) were used to measure the temperatures of the
concrete sample and the surrounding water. A temperature controller and a solid state relay
(SSR) were used to control the two heaters. A picture of Calorimeter #1 is shown in Figure 3-1.

Figure 3-1: A picture of calorimeter #1
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Figure 3-2: Schematic drawing of calorimeter #1
Two major problems of the first design were observed. Firstly, a large energy input is
required due to lack of insulation of the outer container. Secondly, sealing of the inner container
become problematic due to the deterioration of the rubber seal under high temperature. A second
design (Calorimeter #2) was made for three major improvements (Figure 3-3). 1. A much more
insulated outer container was used to increase the stability of water temperature. 2. The top of
the inner container was above the water surface to completely eliminate the water leakage. A
thick insulation layer was added to minimize the heat loss from the top surface. 3. The outer
container can be sealed during operation to minimize the water loss due to evaporation. The
actual Calorimeter #2 is shown in Figure 3-4. An external water level indicator was added to
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indicate water level without opening the lid during operation. Due to the increased insulation
and top cover of the outer container, the required rate of energy input is much less. Therefore,
only one heater and one water stirrer were used as shown in (Figure 3-3).

Figure 3-3: Schematic drawing of calorimeter #2

Figure 3-4: Pictures of calorimeter #2
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3.3 Water Temperature Control
In order to provide an adiabatic environment for the test sample, the curing temperature
was controlled to match concrete sample during the test period (Gibbon, 1997). A simple "on
and off" method was adopted to control the heater switch.

Figure 3-5 shows the water

temperature using a constant set temperature under the "on and off" controlling method. The
heater switch is automatically controlled based on the measured water and concrete temperatures
by turning "on and off" of the heater. The water temperature is naturally cooled when the heater
is switched to "off".

As the water temperature is being monitored, water temperature is

continuously being adjusted to match the set temperature. The "on and off" switch may be
triggered too often due to the oscillation of the water temperature. It may cause damage to the
temperature controller and heater units. A hysteresis was included to separate the "on" and "off"
triggers. The hysteresis is shown in Figure 3-6 and further explained in the following paragraph.
Instead of using a constant set temperature, the calorimeter uses a remote set point. The
temperature of the concrete sample inside of the calorimeter is under continuous monitoring and
used as the set temperature. A measured variable set temperature is often referred as a remote set
point. Figure 3-6 shows the controlled water temperature under a variable set temperature. A
hysteresis is included to separate heating starting point "on" and stopping point "off", so that it
lowers the frequency of the "on and off" switch. With a smaller hysteresis, the temperature
control accuracy is increased, but switch frequency is also increased. The hysteresis needs to be
at least larger than the noise level of the measurement to avoid false triggers due to electric
noises. In this application, high matching accuracy is required; therefore a small hysteresis of
0.04 °C was used without having false triggering by noise.
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Figure 3-5: "On and off" controlling method

Figure 3-6: The controlled water temperature under a varying set temperature
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Sufficient mixing should be provided continuously during the entire testing period to
ensure the uniform water temperature in the outer container.

The maximum temperature

differential at any two locations of the surrounding water does not exceed 0.1 ºC. An electric
drill was used to drive the water stirrer as shown in Figure 3-7.

Figure 3-7: Water stirrer
3.4 Test Preparations
3.4.1 Sensor calibration
Two RTD sensors with an accuracy of 0.1 ºC were used to measure the water temperature
and concrete temperature simultaneously. Prior to testing, the two sensors were calibrated at 0
ºC and 100 ºC to ensure the same accuracy within the entire testing range. Ice-water mixture and
boiling water was used to provide approximate 0 ºC and 100 ºC for the sensor calibration.
3.4.2 Calorimeter calibration
Prior to the adiabatic temperature rise testing, the following procedures were performed
to calibrate the system to ensure the adiabatic curing temperature. It is recommended to perform
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the calorimeter calibration every time before the ATR test. A recommended calibration
procedures are shown below.
1. Preheat a fully hydrated concrete sample to 70 ºC or above and placed it into the adiabatic
calorimeter.
2. Turn on the adiabatic calorimeter system and let the water temperature and sample
temperature converge.
3. Leave the system on for an additional 5 hours and continue monitoring the temperatures.
4. Adjust the set temperature sensor reading if the sample temperature does not stay constant
under the adiabatic condition.
5. Repeat the procedures above until the sample remains constant for a recommended period of 5
hours.
3.4.3 Preparation of concrete sample
Theoretically, the sample size should not influence the ATR of homogeneous test sample.
However, concrete is not truly homogeneous, especially due to the presence of coarse aggregates.
The sample size should be sufficiently larger than the coarse aggregate used in the mix design.
In this study, #57 coarse aggregates are the largest group ever used with an aggregate size
ranging from 1.25 cm to 3.8 cm. The concrete samples for ATR testing are 15 cm × 15 cm
cylinders. In addition, it is important to store all of the ingredients including water in a room
with the intended starting temperature at least 24 hours before mixing. Therefore, the initial
temperature can be close to the desired value.
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3.5 ATR Testing
3.5.1 Concrete mix design and cement chemical composition
The concrete mix shown in Table 3-1 is a typical Class B concrete mix approved
for West Virginia highway and infrastructure constructions. 335 kg/m 3 of OPC is the
maximum quantity allowed in Class B mix designs by West Virgini a Department of
Transportation (WVDOT). The OPC was produced by ESSROC company. As shown in
Table 3-2, the chemical composition of the OPC was tested by WVDOT.
3.5.2 Temperature control precision
With careful pre-test calibration, the adiabatic calorimeter was able to match the water
temperature within a small error (less than 0.2 ºC). Figure 3-8 shows a typical recording of
temperature match when a fresh concrete sample was being tested for ATR.

Figure 3-8: Temperature matching between water and hydration concrete
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3.5.3 Test results
The ATR of this particular concrete mixture shown in Table 3-1 was tested four
times. The initial concrete temperatures of the four different tests were between 22.3
ºC and 25.6 ºC. The average temperature rise during the 120-hour testing period was 48
ºC. The measured ATR histories of these four tests are plotted in Figure 3-9. The ATR
results were compared with the simulation using Virtual Cement and Concrete Testing
Laboratory software (VCCL) (NIST, 2014) with the above mix design information and an initial
concrete temperature of 23 ºC and 26 ºC (Figure 3-10).
It was noted that the maximum ATR difference of the measured curves was
approximately 4 ºC amongst these tests. The differences in maximum ATR were mainly
due to the sampling from four different concrete castings; although they were produced
using the same mix design, the concrete samples collected from the ready-mix truck
during field casting could still have substantial differences. However, this ATR
deviation will not have a significant influence on the analysis. Only the shape of the
measured ATR curve will be used to build the hydration curve, while the magnitude of
the thermal loading is determined according to ASTM C150. Details of the thermal
loading function will be described later in Chapter 5.
Table 3-1: Concrete mix design kg/m3
Material

Cement

Water

CA

AE/L m-3

FA

WR/L m-3

Quantity
335
139
969
844
0.067
1.0
CA: coarse aggregates; FA: fine aggregates; AE: air entraining agent; WR: High-range water reducer

Table 3-2: Cement chemical composition/%
Components

CaO

SiO2

Al2O3

Fe2O3

MgO

SO3

Na2O

K2O

Percentages

62.3

20.22

4.8

3.1

2.51

3.0

0.034

0.76

30

Figure 3-9: Measured ATR results for mix design in Table 3-1

Figure 3-10: Measured ATR compared with simulated ATR using VCCL (NIST, 2014)
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3.6 Usage of ATR Results in Thermal Analysis
The degree of hydration curve (Eq. 2.13) will be used to describe the shape of the thermal
loading function. The experimentally measured ATR results will be used to calibrate the shape
of degree hydration curve using the curve fitting method. Hydration parameters, τ and β (Figure
2-7 and Figure 2-8) can be determined from curve fitting. As shown in Figure 3-9, all four ATR
measurements have a very similar shape, although the maximum ATRs were not exactly
matched.

The total thermal energy output will be determined using Bogue's calculation

according to ASTM C 150. More details can be found in Chapter 5.
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CHAPTER 4 TEMPERATURE MONITORING
4.1 Bridge Elements
As mentioned in Section 2.5.1, ACI 301-10 limits the maximum center temperature
(70 °C or 158 °F) and the maximum temperature differential (20 °C or 35 °F). From 2010 to
2012, a temperature monitoring program was conducted in West Virginia on a five different
bridges under construction, including: Lucille Stalnaker Bridge (District 7), 5th Avenue Bridge
(District 2), Clear Fork Arch Bridge (District 10), South Mineral Wells Bridge (District 3) and
Ices Ferry Bridge (District 4). A total of fourteen bridge elements was selected for temperature
monitoring of the five bridges stated above (Chen et al., 2015).
Table 4-1 shows the summary of all bridge structures and the temperature monitoring
results.

Out of the fourteen bridge elements using, eleven (79% of the bridge elements)

exceeded the allowable temperature differential.

The maximum temperature differential is

monitored as 41.7 °C (75 °F) in the pier-cap #2 of the 5th Ave Bridge. The center maximum
temperature of the same bridge element (pier-cap #2 of the 5th Ave Bridge) was measured to be
72.8 °C (163 °F) which also exceeded the limitation of 70 °C (158 °F).
4.2 Concrete Cubes
Concrete cubes in different dimensions were constructed for more temperature
monitoring. Four 1.8-meter (6-foot) Cubes were constructed at four different WVDOH districts,
including Charleston (District 1), Martinsburg (District 5), Wheeling (District 6) and Lewisburg
(District 9). Two 1.2-meter (4-foot) and one 0.9-meter (3-foot) cubes were constructed in front
of the Concrete Material Testing Lab in Morgantown at West Virginia University (WVU). Local
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ready-mix concrete plant (Central Supply Company in Morgantown, WV) provided the fresh
concrete deliveries for the all the cube constructions.
A supporting grid was made for sensor installations for each concrete cube. Figure 4-1
shows a sketch of the supporting grid and a complete sensor location plan. This study uses the
temperature measurements from the four sensors in the red circles. Figure 4-2 shows the center
cross-section of the 1.8-meter cube and the location of those four sensors (A, B, C, and D). The
center (A) and side (D, 5 cm or 2 in away from the surface) sensor measurements are important
and extensively used in this study according to ACI 301-10. Other temperature measurements at
other locations (Figure 4-1) were used for concrete maturity analysis. Details of the concrete
maturity analysis can be found in of Alper Yikici's Ph.D. dissertation (2015) and Chen et al.
(2015).
Intellirock temperature logger system (Figure 4-3) was used for temperature monitoring.
The temperature loggers can record hourly temperature data for a period of 28 days. The sensors
were coded with the robber for protections. The accuracy of the temperature logger is 1 °C. The
temperature logger can also directly provide concrete maturity history using Nurse-Saul maturity
function. The default datum temperature is 0 °C. However, the Arrhenius Function (Eq. (2.16))
was always used to calculate concrete maturity based on the measured temperature history in this
study (Freiesleben Hansen and Pederson, 1977).
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Table 4-1: Bridge element summary (Chen et al., 2015)

Place

Element

Min.
Size

Lucille
Stalnaker

Pier Stem
#1

6’dia.

Lucille
Stalnaker

Pier Cap #1

4’

Lucille
Stalnaker

Abutment
#2

3’-9”

5th Avenue

Footer #2

4’

5th Avenue Pier Stem#2 8’dia.
5th Avenue Pier Cap #2
5th Avenue

Abutment
#2

5’
3’-9”

Clear Fork Abutment#1 3’
Arch #2
Footing
(min)
Clear Fork Abutment#2
3’-0”
Arch #2
Stem
Clear Fork
Arch #1

Abutment
#2

3’

S. Mineral
Wells

Pier#2
Stem#2

7’dia.

S. Mineral
Pier Cap #2
Wells

5’

S. Mineral
Abutment#2
Wells

3’

Ices Ferry Pier Cap #2

6’

Mix
Design
6 Bag
w/13%
FA
6 Bag
w/13%
FA
6 Bag
w/13%
FA
6 Bag
w/45%
Slag
7 Bag
7 Bag
6 Bag
w/45%
Slag
6 Bag
w/14%
FA
6 Bag
w/14%
FA
6 Bag
6 Bag
w/14%
FA
6 Bag
w/14%
FA
6 Bag
w/14%
FA
7 Bag
w/12%
FA

Casting
Time
Date

Max.
Temp.
°F @ hrs

Max. Temp.
Differential
°F @ hrs Location

11/1/2010
65
9:55 AM

129 @ 20

35 @ 16
side surface
40 @ 20

1/17/2011
52
8:45 AM

118 @ 28 36 @ 15 side surface

3/30/2011
59
10:00 AM

118 @ 21 34 @ 16

2/3/2011
62
10:00 AM

99 @ 57

2/11/2011
68
1:00 PM
3/28/2011
69
11:00 AM

41 @ 90 Center/side
52 @ 88 Bottom/side
59 @ 35
163 @ 35
side surface
75@ 66

4/1/2011
65
10:00 AM

99 @ 30

20 @ 24 side surface

1/18/2011
55
9:10 AM

122 @ 23

35 @ 28
side surface
52 @ 41

2/15/2011
56
12:50 PM

115 @ 27

35 @ 17
40 @ 22

top surface

1/4/2011

97 @ 18

25 @ 15

bottom
surface

T0
°F

56

bottom
surface

18@ 18
side surface
40@ 137

158 @37

7/20/2011
78
6:10 AM

156 @ 25 38 @ 47 side surface

8/22/2011
81
7:30 AM

145 @ 23 31 @ 23 side surface

11/02/201
1 12:30 68
PM
10/20/201
1 12:30 65
PM
35

116 @ 17

32 @12

bottom
surface

135 @ 21 31 @ 22 side surface

Figure 4-1: Supporting grid for temperature loggers

Figure 4-2: Sensor locations of the 6-ft cubes (center cross-sectional cut)
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Figure 4-3: Intellirock temperature logger and data collection system
4.2.1 District 1 Cube (1.8 meter)
On August 15, 2011, a 1.8-meter cube was constructed in Charleston (District 1), West
Virginia. The concrete used in District 1 cube contains 279 kg/m3 of Ordinary Portland Cement
(OPC) and 44 kg/m3 of Fly Ash (FA). The concrete mixture was measured to have a 6.3-cm (2.5
inch) slump, 6.5 % air and 29 °C (84 °F) initial temperature at the job site prior to casting. The
concrete casting started 1:00 PM. Figure 4-4 shows the support grid of District 1 cube with
mounted temperature loggers. Figure 4-5 shows concrete casting of District 1 cube. Wood
formwork was used for concrete casting on top of a soil bottom surface. Figure 4-6 shows the
120 hour temperature record at A, B, C and D locations (Figure 4-2) and the ambient temperature
histories for District 1 cube.
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Figure 4-4: Support Grid of District 1 cube

Figure 4-5: Casting of District 1 cube
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The maximum temperature observed was 63 °C (145 °F) at 25 hours after casting in the
center (A) location of the District 1 cube. The maximum temperature differential was 18 °C
(32 °F) at 43 hours between the center (A) and the side surface (D) of the cube. The measured
maximum center temperature (less than 70 °C) and maximum temperature differential (less than
20 °C) were within the ACI limitations.
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Figure 4-6: Temperature monitoring, District 1 cube
4.2.2 District 9 Cube (1.8 meter)
On August 26, 2011, a 1.8-meter cube was constructed in Lewisburg (District 9), West
Virginia. The concrete used in District 9 cube contains 334 kg/m3 of OPC. The concrete
mixture was measured to have a 12.6 cm (5 inch) slump, 9.5 % air and 27 °C (81 °F) initial
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temperature at the job site prior to casting. The concrete casting started 1:00 PM. Figure 4-7
shows the support grid of District 9 cube with mounted temperature loggers. Figure 4-8 shows
concrete casting of District 9 cube. Wood formwork was used for concrete casting on top of a
soil bottom surface. Figure 4-9 shows the 120 hour temperature record at A, B, C and D (Figure
4-2) locations and the ambient temperature history for District 9 cube.

Figure 4-7: Support Grid of District 9 cube
The maximum temperature observed was 74 °C (165 °F) at 30 hours after casting in the
center (A) location of the District 9 cube. The maximum temperature differential was 20 °C
(35 °F) at 43 hours after casting between the center (A) and the side (D) of the cube. The
measured maximum center temperature exceeded 70 °C. The maximum temperature differential
was equal to the ACI limitation of 20 °C.
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Figure 4-8: Casting of District 9 cube
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Figure 4-9: Temperature monitoring, District 9 cube
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4.2.3 District 5 Cube (1.8 meter)
On September 15, 2011, a 1.8-meter cube was constructed in Martinsburg (District 5),
West Virginia. The concrete used in District 5 cube contains 251 kg/m3 of OPC and 84 kg/m3 of
slag. The concrete mixture was measured to have a 6.3 cm (2.5 inch) slump, 5.6 % air and 27 °C
(81 °F) initial temperature at the job site prior to casting. The concrete casting started 1:00 PM.
Figure 4-10 shows the support grid of District 5 cube with mounted temperature loggers.
Different from other 1.8 meter cubes, steel formwork was used for concrete casting on top of a
gravel bottom surface. Figure 4-11 shows concrete casting of District 5 cube. Figure 4-12
shows the 120 hour temperature record at A, B, C and D (Figure 4-2) locations and the ambient
temperature history for District 5 cube.

Figure 4-10: Support Grid of District 5 cube
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The maximum temperature observed was 65 °C (149 °F) at 28 hours after casting in the
center (A) location of the District 5 cube. The maximum temperature differential was 23 °C
(41 °F) at 41 hours after casting between the center (A) and the side (D) of the cube. The
measured maximum center temperature (less than 70 °C) was within the ACI limitation, but the
maximum temperature differential (more than 20 °C) exceeded the ACI limitation. The use of
slag as part of the cementitious material was able to reduce the early age hydration heat, which
was able to delay and reduce both maximum center temperature and temperature differential.
However, the use of steel formwork instead of wood formwork increased the surface heat loss
and reduced the side (D) temperature of concrete. Thus, the maximum temperature differential
(23 °C) was still too high to satisfy the ACI limitation of 20 °C.

Figure 4-11: Casting of District 5 cube
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Figure 4-12: Temperature monitoring, District 5 cube
4.2.4 District 6 Cube (1.8 meter)
On February 21, 2012, a 1.8-meter cube was constructed in Moundsville (District 6),
West Virginia. The concrete used in District 6 cube contains 390 kg/m3 of OPC. The concrete
mixture was measured to have a 4.4 cm (1.75 inch) slump, 4.8 % air and 24 °C (75 °F) initial
temperature at the job site prior to casting. The concrete casting started 1:00 PM. Figure 4-13
shows the support grid of District 6 cube with mounted temperature loggers. Wood formwork
was used for concrete casting on top of a gravel bottom surface. Figure 4-14 shows concrete
casting of District 6 cube. Figure 4-15 shows the 120 hour temperature record at A, B, C and D
(Figure 4-2) locations and the ambient temperature history for District 6 cube. Two layers of
plastic cover were used outside of the wood formwork.
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Figure 4-13: Support Grid of District 6 cube

Figure 4-14: Casting of District 6 cube
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The maximum temperature observed was 69 °C (156 °F) at 25 hours after casting in the
center (A) location of the District 9 cube. The maximum temperature differential was 19 °C
(34 °F) at 41 hours after casting between the center (A) and the side (D) of the cube. The
measured maximum center temperature (less than 70 °C) and maximum temperature differential
(equal to 20 °C) were within the ACI limitations. Although a high OPC mix design (390 kg/m3)
was used, the temperature monitoring results still satisfy the ACI limitations. The use of wood
formwork and extra plastic covers outside of the formwork was helpful in controlling
temperature differentials. In addition, the low initial concrete temperature (24 °C) played an
important role in reducing the maximum center temperature.
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Figure 4-15: Temperature monitoring, District 6 cube
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4.2.5 WVU Cube #1 and #2 (1.2 meter)
On September 17 and October 15, 2013, two identical 1.2 meter cubes (WVU Cube #1
and #2) were constructed in front of the concrete material lab in Morgantown, West Virginia.
The concrete mix design contains 335 kg/m3 of OPC. The concrete mixture for WVU Cube #1
was measured to have a 10 cm (4 in) slump, 6.5 % air and 31 °C (88 °F) initial temperature. For
WVU Cube #2, the concrete mixture was measured to have a 14 cm (5.5 in) slump, 7.4 % air and
27 °C (81 °F) initial temperature. The same steel formwork and support grid for temperature
loggers were used for both Cube #1 and #2 (Figure 4-16). Figure 4-17 shows concrete casting of
WVU Cube #2. Figure 4-18 shows the finished WVU Cube #1 and #2. The monitored center,
middle, side (Figure 4-16) and ambient temperature histories are shown in Figure 4-19 and
Figure 4-20. Both Cube #1 and 2 were cast on top of wood bases. Plastic covers were used to
cover the top surfaces to prevent surface drying for both cubes while no protection was provided
at the side surfaces.

Figure 4-16: Support Grid of 1.2-meter cubes
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Figure 4-17: Casting of District 1.2-meter cubes

Figure 4-18: Finished WVU Cube #1 and #2
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Figure 4-19: Temperature monitoring, WVU Cube# 1
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Figure 4-20: Temperature monitoring, WVU Cube# 2
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The monitored temperature histories for both 1.2-meter cubes were analyzed.

The

monitored maximum center temperatures were 68 ºC at 15 hours for WVU Cube #1 and 64 º C at
16 hours for WVU Cube #2. In comparison with the 1.8-meter cubes, the center maximum
temperature was reached much earlier due to the reduction in size. The maximum temperature
differentials were 27 ºC at 18 hours for WVU Cube #1 and 23 ºC at 19 hours for WVU Cube #2.
Both Cube #1 and #2 has high temperature differentials (more than 20 ºC), due to high cement
content and low surface protections (steel formwork). Although WVU Cube #1 and #2 were the
same, WVU Cube #1 had a higher temperature differential due to the ambient temperature. The
ambient temperature drop for WVU Cube #1 were much larger during the first night after casting.
It caused a lower concrete surface temperature and a higher temperature differential.
4.2.6 WVU Cube #3 (0.9 meter)
A 0.9-meter cube was constructed in WVU using the mix design from the Ices Ferry
Bridge (Section 4.1, Table 4-1) in District 4 in West Virginia. Wooden formwork and based
were used. The initial concrete temperature was 23 °C (73 °F). The slump and air percentage
were measured to be 13 cm (5 in) and 5.3 % air.
Figure 4-21 shows the supporting grid of WVU Cube #3. Figure 4-22 shows concrete
casting of WVU Cube #3. Figure 4-15 shows the 100 hour temperature records at the center,
side locations and the ambient. Due the small size of this cube, the temperatures were well
controlled for this 0.9 meter cube. The maximum center temperature was 55 °C (131 °F) at 17
hours and the maximum temperature differential was 10 °C (18 °F) at 19 hours. Both maximum
center temperature and temperature differential were much lower than the ACI limitations of
70 °C and 20 °C.
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Figure 4-21: Support Grid of WVU Cube #3 (0.9 meter)

Figure 4-22: Casting of District of WVU Cube #3 (0.9 meter)
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Figure 4-23: Temperature monitoring, WVU Cube #3
4.3 Discussions of the Temperature Monitoring Results
From the temperature monitoring results, eleven out of fourteen real bridge elements
violated the 20 °C maximum temperature differential limitation. It suggests that a very high
percentage of concrete structures are in danger of having thermal cracking according to the
temperature measurements. The temperature loggers for the fourteen bridge elements were
installed by the construction workers without the presence of WVU researchers. Therefore, there
may be errors in sensor positions. If the position surface temperature loggers were too deep (>
than 5 cm), the temperature differential could be under-measured. In the case of Pier-cap #2 of
the Ices Ferry Bridge, the original surface sensor location was found to be 30 cm in depth and
later corrected to 5 cm by WVU researchers. The temperature loggers for all the concrete cubes
were installed by WVU researchers and the locations were ensured to be correct.
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Mass concrete is typically defined by the dimension of the concrete member. However,
the results from the seven concrete cubes in terms of temperature (Section 4.2) showed otherwise.
The maximum center temperature of an early age concrete member is not only influenced by the
size of the member. It is also influenced by initial concrete temperature (Tinitial) and cementitious
content (CC). In fact, despite being smaller in size, the average maximum center temperature of
the two 1.2-meter cubes (66.0 °C) were merely 1.3 °C lower than the average of the four 1.8meter cubes (67.3 °C). Table 4-2 shows the maximum center temperatures of the seven concrete
cubes and the influencing factors (Tinitial, size, CC and Tmax).
Table 4-2: Maximum center temperature (Tmax) and the influencing factors
Cube

District 1

District 9

District 5

District 6

WVU #1

WVU #2 WVU #3

Tinitial (°C)

29

29

27

24

31

27

23

Size (meter)

1.8 m

1.8 m

1.8 m

1.8 m

1.2 m

1.2 m

0.9 m

CC (kg/m3)

323

335

335

390

335

335

379

Tmax (°C)

63

74

65

69

68

64
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Maximum center temperature rise (CTRmax = Tmax - Tinitial) is the majorly influenced by
the concrete hydration heat. Therefore, the cementitious content (CC) certainly has a large
influence. Among the four 1.8 meter cubes, District 3 cube has the highest CC (390 kg/m3) and
highest CTRmax (45 °C) while District 1 cube has the lowest CC (323 kg/m3) and lowest CTRmax
(34 °C). Despite being in different ambient temperatures, the two 1.2-meter cubes have the same
CC (335 kg/m3) and CTRmax (37 °C).
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Figure 4-24: Temperature differential of the 1.8-meter cubes
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Figure 4-25: Temperature differential of the 1.2-meter and 0.9-meter cubes
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The maximum temperature differential (∆Tmax) of an early age concrete member is not
only decided by the internal heat, but also by the thermal conductivity of concrete and the
surface insulation. The type of formwork determines the surface insulation has a major influence
on the surface insulation. Steel formwork and wood formwork are significantly different in
terms of thermal resistance while wood formwork is much more effective. The temperature
differentials from the experiments are shown in Figure 4-24 (1.8-meter cubes) and Figure 4-25
(1.2-meter and 0.9-meter cubes).
Among the four 1.8-meter cubes, District 5 cube had the highest ∆Tmax of 23 °C using
steel formwork. District 1, District 9 and District 6 cubes had lower ∆Tmax (≤ 20 °C) using wood
formwork. Despite having a smaller size for the 1.2-meter cubes, WVU Cube #1 and WVU
Cube #2 had relatively higher ∆Tmax of 27 °C and 23 °C while both using steel formwork.
Therefore, only being smaller in size does not mean to have less chance of having thermal
cracking.

The ambient temperature can also influence the value of ∆Tmax.

The ambient

temperature drop of WVU Cube #1 in the night after the concrete placement was much larger
than WVU Cube #2. It was believed to be the major reason for WVU Cube #1 to have a much
larger ∆Tmax than WVU Cube #2. Later, thermal cracking was found on WVU Cube #1 but not
for WVU Cube #2. More discussion can be found later in Chapter 6.
Therefore, mass concrete cannot be simply defined by size without considering other
influencing factors.
cracking.

A more scientific approach is needed to evaluate the risk of thermal

In Chapter 5 and Chapter 6, finite element models were created to predict the

temperature and thermal stress for early age concrete members. A mass concrete definition
table for the bridge pier-stem was developed using the modeling results (Chapter 7).
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CHAPTER 5 THERMAL ANALYSIS
5.1 Introduction
Quality control of early age concrete is important to ensure a desirable performance and
durability throughout the service life. Preventing thermal cracking of an early age concrete
structure is crucial to ensure its surface quality and long term durability.

An accurate

temperature profile history prediction is needed for the thermal stress prediction and to evaluate
the cracking risk. Due to the complexity of non-uniform thermal loading from the heat of
hydration as well as non-uniform temperature-dependent concrete material properties, it is very
difficult to solve for the temperature profile history in a 3-D body using the traditional
calculation method.
Numerical approaches such as finite element method (Bombich et al., 1991; Kishi and
Maekawa, 1995; Kim et al., 2001; Waller et al., 2004) or finite difference method (Ballim, 2004)
have been widely used for thermal analysis of early age concrete. Al-Manaseer and Elias (2008)
created a finite element model using ABAQUS to simulate heat transfer process within early age
concrete, however, constant concrete thermal properties and uniform thermal loading were
assumed during hydration, and the external surface temperature was inaccurately assumed to be
the same as the ambient temperature for simplification. On the other hand, Wu et al. (2011)
created a heat transfer model for concrete using ANSYS with surface convection that could
realistically model the surface heat loss to the surrounding environment. Lawrence et al. (2012)
were able to evaluate bridge footings with wooden formwork using TNO Diana software; they
considered changes in material properties and thermal loading function based on the degree of
hydration of concrete while using a thermal convection model to account for the surface heat loss.
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It is apparent that when assuming temperature equality between the concrete formwork surface
and the ambient temperature, a large error in predicting concrete surface temperature can occur,
especially when metal formwork with a relatively high thermal conductivity is used. Therefore,
a convection model is needed for the surface heat loss. Additionally, the interface between
concrete and formwork can provide a significant amount of thermal resistance. To the authors'
best knowledge, the thermal resistance of the interface between concrete and steel formwork is
significant but is not currently well documented.
In this study, the steel-concrete interface conductance value was experimentally obtained.
The combination of using an accurate interface conductance along with the thermal convection
model for the formwork surfaces provides a more realistic description of the heat exchange
process on the surfaces of the concrete. Also, an experimental procedure used to measure
concrete’s Adiabatic Temperature Rise (ATR) using an adiabatic calorimeter developed during
this study is described. The measured concrete ATR is converted to a thermal loading function
for finite element calculations. User-defined subroutine programs were developed to incorporate
degree of hydration dependence on both material properties and thermal loading function for the
analysis.
The governing equation for heat transfer within a 3-D solid is shown in Eq. (4.1), where
T, t, Kc, ρ, Cp and q are temperature, time, thermal conductivity, density, specific heat and heat
flux, respectively.

In this chapter, all the related parameters for early age concrete are

thoroughly discussed.
𝜕𝑇
𝜕𝑡

=

𝐾𝑐
𝜌𝑐𝑝

𝜕2 𝑇

𝜕2 𝑇

𝜕2 𝑇

𝑞

(𝜕𝑥 2 + 𝜕𝑦2 + 𝜕𝑧 2 ) + 𝜌𝑐

(4.1)

𝑝

The temperature history in concrete is difficult to calculate directly by simple heat
transfer equations, mainly due to the complications of the combined effect of hydration not being
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homogeneous and the variation of concrete thermal properties. A finite element model using
ABQUS is used to calculate the heat transfer process for the first 120 hours after the concrete
casting. To account for the effects of both the age and temperature-history dependent material
properties and the non-uniform hydration process, user-defined subroutines, "USDFLD" and
"DFLUX" were coded and incorporated in the ABAQUS model.
5.2 Hydration Heat and Thermal Loading Function
Finite element models were created to predict the temperature profile histories for the
concrete three 1.8-meter cubes constructed in District 1, District 5, District 6; two 1.2-meter and
one 0.9 meter cubes constructed in WVU (Chapter 4). The heat of hydration is the cause of the
internal temperature rise of concrete body. Determine the heat of hydration is the first and
important step of the thermal analysis. The shape of the concrete adiabatic temperature rise
(ATR) is the same with the cumulative heat generation over time. The magnitude of the total
heat generation can be determined is depending on the chemical composition of the cementitious
material. The adiabatic calorimeter developed in this study (Chapter 3) was used to determine
the ATR for each mix design used in those concrete cubes.
5.2.1 Mix designs, OPC chemical compositions and ATR results
Six different mix designs were used in seven different cube constructions (see Section
4.2.1, 4.2.3, 4.2.4, 4.2.5 and 4.2.6). The ATR test for District 9 cube was inaccurate due to
equipment failure. Therefore, District 9 cube was not analyzed using finite element method in
this study. The mix design number for the rest of six cubes are shown in Table 5-1. The mix
designs are shown in Table 5-2. The chemical compositions of the OPC used in each mix design
are shown in Table 5-3. The chemical compositions of the cement in Mix 4 were tested by West
Virginia Department of Transportation while the rest were from various mill reports provided by
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ready mix companies. The CaO content in free form (not shown in mill report) was commonly
assumed to be 2%. The total hydration energy from the OPC (Hcem) can be calculated using the
chemical percentages from Table 5-3 using Eq. (2.2). For the mix designs with slag or fly ash
(Mix 1, Mix 2 and Mix 5), Eq. 2.7 can be used to calculate the total heat (Hu).
Table 5-1:The mix design number for the six concrete cubes
District 1 cube District 5 cube District 6 cube WVU Cube #1 WVU Cube #2 WVU Cube #3

Mix 1

Mix 2

Mix 3

Mix 4

Mix 4

Mix 5

Table 5-2:Mix designs (kg/m3)
Component

Mix 1

Mix 2

Mix 3

Mix 4

Mix 5

Cement

279

251

390

335

335

Fly ash

44

0

0

0

44

Slag

0

84

0

0

0

Water

145

167

153

139

142

Agg.

1098

1077

1038

969

1032

Sand

748

716

659

844

736

Total

2314

2295

2241

2287

2289

The adiabatic temperature rises of five different mix designs (Table 5-2) were tested
using the adiabatic calorimeter developed in this study. The design of the adiabatic calorimeter
and sample preparations were discussed in Chapter 3. Figure 5-1 shows the ATR results of all
five mix designs. All the starting temperatures were moved to 0 ºC for comparison purposes.
The actual initial temperature of the concrete sample for ATR test were between 22 ºC and 25 ºC.
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Among the five different concrete mixtures, Mix 3 contained the highest cement content has the
highest total ATR of approximately 55 ºC. Mix 3 and 4 contained high cement content but no
mineral cement replacement exhibited high reaction rate. Mix 5 contained high cement content
and 44 kg/m3 of fly ash also exhibited relatively high reaction rate. Mix 2 exhibited slow
reaction rate due to the high percentage of slag.
Table 5-3: Chemical compositions of each mix design
Cement

Mix design#

C3S, %

C2S, %

C3A, % C4AF, % MgO, %

Mix 1

Mix 1

50.4

21.2

6.9

9.4

2.6

3.0

Mix 2

Mix 2

51.3

16.5

7.1

10.1

3.9

3.2

Mix 3

Mix 3

60.0

14.0

6.0

10.4

2.6

3.2

Mix 4

Mix 4

54.7

16.7

7.5

9.4

2.5

3.0

Mix 5

Mix 5

60.1

13.4

6.1

10.0

2.6

3.2

Figure 5-1: ATR results for all five mix designs
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SO3, %

5.2.2 Thermal loading function
The heat transfer in concrete starts from the thermal energy released during the cement
hydration process. The rate of heat of hydration not only depends on the concrete mixture itself,
but also on the concrete temperature histories. The thermal loading can vary between two
identical concrete structures cast in two different temperature environments. The heat generation
rate can also vary within a concrete member due to non-uniform internal temperature
distributions. The degree of hydration and the maturity method were utilized (Section 2.4.3 and
2.4.4). In order to mathematically characterize a non-uniform heat generation, the degree of
hydration function in terms of equivalent age (Eq. (2.14)) is used. In Eq. (2.14), the equivalent
age (t e ) and the ultimate degree of hydration (αu ) can be calculated using Eq. (2.16) and Eq.
(2.13). A significant increase in the ultimate degree of hydration can be found when fly ash or
slag is added to the mix design using Eq. (5.1). Eq. (5.1) is an improved version of Eq. (2.13)
when considering the presence of fly ash and slag according to Schindler and Folliard (2005).
The hydration parameters (τ and β) control the shape of the degree of hydration curve, and τ, β
can be determined by a curve fitting method using the adiabatic temperature rise curve after
converting the time axis to the equivalent age (t e ). The curve fitting and the best-fit τ and β
values are shown in Figure 5-2. The activation energy (Ea) of the current concrete mix design
was tested by Yikici and Chen (2013) following ASTM C 1074. The total hydration energy per
kilogram in Portland cement (Hu ) can be calculated using Bogue's calculation (ASTM C 150)
based on the chemical compostions (Table 5-3) and the percentage of other mineral admixture
using Eq. (2.2) and Eq. (2.7). The total hydration energy per unit volume (Qc) is the product of
Hu and the mass of cement per unit volume (Table 5-2). Table 5-4 lists the resultofelated to heat
of hydration properties for the concrete mixture used in this study.
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Table 5-4:Heat Properties for the five mix designs
Mix design

Cube

τ

β

Ea (J/mol)

αu (%)

Qc (J/m3)

Mix 1

District 1 cube

15.0

0.83

44,159

0.79

1.280×108

Mix 2

District 5 cube

22.5

0.87

42,220

0.74

1.644×108

Mix 3

District 6 cube

12.0

0.92

41,841

0.69

1.905×108

Mix 4

WVU Cube #1 & #2

14.0

0.94

41,841

0.70

1.672×108

Mix 5

WVU Cube #3

7.8

0.95

38,317

0.74

1.613×108

Figure 5-2: Best-fit hydration parameters
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𝛼𝑢 =

1.031∙𝑤/𝑐
0.194+𝑤/𝑐

+ 0.5𝑃𝐹𝐴 + 0.3𝑃𝑆𝑙𝑎𝑔

(5.1)

At any given equivalent age of a unit volume of concrete, the total released heat, 𝑄(𝑡𝑒 )
should be equal to the product of the total available heat (𝑄𝑐 ) and the current degree of hydration,
𝛼(𝑡𝑒 ) (Eq. (5.2)). The heat generation rate per unit volume of concrete, heat flux, 𝑞(𝑡𝑒 ) is the
first derivative of 𝑄(𝑡𝑒 ) (Eq. (5.3)). Figure 5-3 shows the cumulative heat curve in Joules per
cubic meter of concrete (Eq. (5.2)) in blue line and the heat generation rate per unit volume in
terms of Watts per cubic meter of concrete (Eq. (5.3)) in dotted red line for Mix 1 from Table 5-2.

𝑄(𝑡𝑒 ) = 𝑄𝑐 ∙ [𝛼(𝑡𝑒 )]
𝑞(𝑡𝑒 ) =

𝑑𝑄
𝑑𝑡𝑒

(5.2)
𝜏

𝛽

𝑡𝑒

𝑡𝑒

= 𝑄𝑐 ∙ 𝛼(𝑡𝑒 ) ∙ ( )𝛽 ∙

(5.3)
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Figure 5-3: Heat generation rate and cumulative heat of Mix 1 concrete
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Cumulative Heat (J/m3 )

Heat generation (Watt/m3 )

9.0E+7
1,000.0

The 𝑄(𝑡𝑒 ) and 𝑞(𝑡𝑒 ) curves were generated for all five mix designs (Table 5-2). Figure
5-4 shows the comparison of the cumulative heat, 𝑄(𝑡𝑒 ). After combining the results from the
ATR shape (Figure 5-2) and total available heat (𝑄𝑐 , Table 5-4) from the cement chemical
compositions, the presentation of total cumulative heat curves (Figure 5-4) should be more
accurate than obtaining them directly from the ATR results (Figure 5-1). It is because the
maximum temperature measured in ATR test might not be as accurate as the calculations in
ASTM C 1074. In addition, calculating heat energy from temperature measurements require the
specific heat of the concrete sample which is different for each mix design which is difficult to
measure. Mix 3 (used in District 6 cube) has the highest cumulative heat because it has the
highest cement content while no OPC was substituted with other mineral additives. Mix 1 has
the lowest cumulative heat because it has the lowest cement content while 14% of them was
substituted with fly ash.
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Figure 5-4: Comparison of cumulative heat for all five mix designs
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Figure 5-5 shows the comparison of heat generation rate per unit volume of concrete,
𝑞(𝑡𝑒 ) for all five mix designs. Mix 3 has the highest maximum heat generation rate due to its
highest cement content. Mix 2 (used in District 5 cube) has the lowest maximum heat generation
rate, but the rate is longer lasting than other mix designs due to the usage of 25% slag
replacement for OPC.
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Figure 5-5: Comparison of heat generation rate for all five mix designs
Finite element models typically require a thermal loading function with respect to real
time. To change the equivalent age (te) to the real time (t), q(t) equation can be derived using Eq.
(5.3) and Eq. (5.4). The derived q(t) represents the heat generation rate per unit volume which is
often referred as heat flux (Watts/m3). Besides the mix design, the thermal loading function (Eq.
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(5.5) is depending on the temperature histories, while the temperatures are the solutions of the
thermal analysis. The thermal loading function needs to be related to the calculated temperature
solutions.

Therefore, step by step calculations are needed for solution dependent loading

function.
𝑑𝑄
𝑑𝑡

=

𝑑𝑄
𝑑𝑡𝑒

∙

𝑑𝑡𝑒
𝑑𝑡

= 𝑞(𝑡)

(5.4)

𝜏

𝛽

𝑡𝑒

𝑡𝑒

𝑞(𝑡) = 𝑄𝑐 ∙ 𝛼(𝑡𝑒 ) ∙ ( )𝛽 ∙

𝐸

1

1

∙ exp ( 𝑎 ( − (𝑡)))
𝑅 𝑇
𝑇
𝑟

(5.5)

𝑐

5.3 Thermal Properties
At early ages, concrete material properties and thermal properties are constantly changing
during hydration. Van Breugel (1998) proposed a model for the thermal properties for early age
concrete shown in Eq. (5.6); Specific heat, Cp of concrete is dependent on concrete mix
proportions, degree of hydration and concrete temperature. Van Breugel (1998) also reported a
30% decrease of the thermal conductivity, K c , throughout the entire hydration process; hence, Eq.
(5.7) is used to describe the relationship between the concrete thermal conductivity and the
degree of hydration. For the current material, the specific heat values for cement, sand, coarse
aggregates and water (Ccem, Cs, Ca and Cw) are given as 740, 710, 840 and 4,184 J/kg/K,
respectively. A common thermal conductivity, Kuc, of hardened limestone concrete was assumed
for Mix 1, Mix 2, Mix 3 and Mix 5. The assumed Kuc value was 2.1 W/m/K. For Mix 4, a
thermal conductivity of 1.87 W/m/K was determined from CRD-C thermal diffusivity test.
1

𝐶𝑝 (𝛼𝑟 , 𝑇(𝑡)) = (𝑊𝑐 𝛼𝑟 𝐶𝑐𝑒𝑓 + 𝑊𝑐 (1 − 𝛼𝑟 )𝐶𝑐𝑒𝑚 + 𝑊𝑎 𝐶𝑎 + 𝑊𝑤 𝐶𝑤 ) (5.6)
𝜌
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𝐾𝑐 (𝛼𝑟 ) = 𝐾𝑢𝑐 (1.33 − 0.33𝛼𝑟 (𝑡))

(5.7)

where αr = α/αu
ρ: the concrete mass per unit volume (kg/m3)
Wc : the mass of cement per unit volume (kg/m3)
Wa : the mass of aggregate per unit volume (kg/m3)
WW : the mass of water per unit volume (kg/m3)
Ccem : the cement specific heat (J/kg/K)
Ca : the aggregate specific heat (J/kg/K)
Cw : the water specific heat (J/kg/K)
Ccef : a fictitious specific heat of the hydrating cement (J/kg/K)
Ccef = 8.4Tc (t) + 339
T(t): concrete temperature at time t (ºC)
K uc : ultimate hardened concrete thermal conductivity (W/m/K)

5.3.1 Thermal diffusivity testing
The thermal diffusivity of Mix 4 concrete was tested according to the CRD-C standard
(1973). A 15 cm × 30 cm meter concrete cylinder was cast with a Type T thermal couple
embedded at the center (Figure 5-6). In accordance to the standard, the cylinder was cured in
sealed condition for 28 days prior to testing. The cylinder was heated to boiling temperature,
then submerged in running cold water. During the cooling process, the temperature difference
between the center of the concrete cylinder and the surrounding water were recorded at 1-min
interval. The thermal diffusivity (d, m2/hr) of the concrete can be calculated using Eq. (5.8)
where (t1 - t2) is the time elapsed (in minutes) between temperature differences of 44 ºC (80 ºF)
and 11 ºC (20 ºF).

67

Figure 5-6: Thermal diffusivity test
As required in CRD-C standard (1974), the test was performed two times and the
difference should be within 0.000186 m2/hr (0.002 ft2/hr) the results should have an accuracy of .
Those two testing results are correlated very closely and the thermal diffusivity values were
determined to be 0.00339 m2/hr (0.0365 ft2/hr) and 0.00340 m2/hr (0.0367 ft2/hr), respectively.
Figure 5-7 shows the measured temperature differences history between the center of the
cylinder and the surrounding water.

Figure 5-7: The measured temperature differences between concrete and water
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d = 0.0754631/(t1 - t2)

(5.8)

5.4 Contact Interface Conductance
One phenomenon that was often ignored is the thermal resistance effect provided by the
interface between the formwork and concrete. An interface of two materials in contact acts like
a very thin layer of insulation. As demonstrated in Figure 5-8, a thin air layer is embedded in
between two materials, A and B, due to an imperfect interface connection. As a heat flow (Q)
travel through the interface, a temperature drop (ΔTc) is created because of the interface thermal
resistance (Figure 5-9). The thermal conductance (hc), which is the inverse of thermal resistance,
can be calculated using Eq. (5.9). The insulation effect of the concrete/formwork interface can
be particularly significant when using metal formwork due to metal’s relatively low thermal
resistance. However, the interface conductance effect can be neglected when wood formwork is
used because wood formwork is much higher in thermal resistance. In this study, the interface
conductance for concrete-steel interface is experimentally obtained.

Figure 5-8: Contact Interface and its effect of thermal resistance
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ℎ𝑐 =

𝑄⁄
𝐴𝑟𝑒𝑎
∆𝑇𝑐

(5.9)

Figure 5-9: Temperature distribution accross the contact plane

Although the interface conductance was scarcely discussed in mass concrete topics, it is
often studied for the fire resistance of the concrete-filled steel tubes (CFST). However, results
with large deviations can be observed between various researchers. Hong and Varma (2009)
assumed that the steel and concrete temperatures at the steel-concrete interface are equal. This
indicates that hc was an infinitely large value, which is the case when the “TIE” constraint was
used in ABAQUS. Espinos et al. (2010) suggested that hc could be taken as a constant value of
200 W/m2/K, while a constant value of 100 W/m2/K was suggested by Lu et al. (2010).
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5.4.1 Concrete/steel interface conductance testing
A test set up was created to simulate the condition of the contact between concrete and
steel formwork. Figure 5-10 shows the schematic diagram, while Figure 5-11 shows the
pictures of the test set up. A concrete cylinder of 12.7 cm diameter was directly cast on top of a
steel cylinder to simulate the concrete-formwork contact condition.

A 5-cm thick foam

insulation layer was added around the entire length surrounding the concrete and steel cylinder
sample to simulate one-dimensional thermal conduction through the center path of the sample.
The concrete was cured inside of the testing set up with a sealed top surface for 28 days. During
the experiment, the top surface of the concrete is uniformly heated with a heating pad at
approximately 150 ºC. A heat sink was installed at the bottom of the sample and submerged in
20 ºC water to increase the heat flow. A series of Type K thermal couples were embedded in
concrete along the center path during casting.

In the steel cylinder, thermal couples were

inserted horizontally to reach the center path through pre-drilled slots (3 mm in diameter). After
sensors were inserted, the slots were filled with oil and sealed from outside. The seven black
dots along the center path of Figure 5-10 were the sensor locations. Heat flow (Q) traveled from
the top concrete though the interface to the heat sink at the bottom. The heat transfer reached the
steady state after 5 to 6 hours.
The temperature distribution along the center path was recorded to determine the
temperature difference between the two sides of the concrete-steel interface (ΔTc) in Eq. (5.9).
The recorded temperature histories of all seven temperature sensors along the center path are
shown in Figure 5-12. The top, middle and bottom sensor locations in the concrete sample
showed large differences in temperature evolution due to the thermal resistance of concrete.
However, the temperatures of the four sensor locations in steel cylinder were almost the same
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throughout the testing period due to steel's high thermal conductivity. The final temperature
readings at all seven locations were taken at the end of the test. Figure 5-13 shows the final
temperature distribution at the end of the test. The test was repeated three times with almost
identical results.

The results of these experiments show that ΔTc was 2.2 ºC and hc was

calculated to be 358 W/m2/K using Eq. (5.9). In this equation, heat flow Q was calculated based
on the thermal gradient within the concrete and its thermal conductivity (1.87 W/m/K) is
identical to Kuc (Section 5.3). The change in concrete Internal moisture level can affect the
thermal conductivity value. The concrete sample for the interface conductance test and thermal
diffusivity test (Section 5.3.1) both was sealed for 28 days prior to testing. Xu et al. (2009)
showed the internal moisture to be 98% to 100% for sealed concrete. Therefore, the concrete
internal moisture content was assumed to be 100% constantly and the change of moisture level
during curing was neglected.

Figure 5-10: Schematic diagram of the interface conductance test set up
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Figure 5-11: Pictures of the interface conductance test setup

Figure 5-12: Temperature histories from all sensors in thermal conductance test
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Figure 5-13: Measured temperature distribution of interface conductance test
5.5 Surface Convection
Surface convection is used to describe heat transfer between solid and fluid.

The

governing equation (Eq. (5.10)) for thermal convection is Newton's law of cooling (Thomas,
1980; Burmeister, 1993). The schematic diagram of thermal convection of a solid plane to the
fluid in contact is shown in Figure 5-14. In Eq. (5.10), qcv is the convection heat flux in W/m2,
hcv is the convection coefficient in W/m2/K, Ts is the solid surface temperature in Kelvin, and TF
is the fluid temperature or ambient temperature in Kelvin. The ambient temperature records for
the 1.8-meter concrete cubes are shown in Figure 5-15. The ambient temperature records for the
1.2-meter and 0.9-meter cubes are shown in Figure 5-16.

𝑞𝑐𝑣 = ℎ𝑐𝑣 𝐴𝑠 (𝑇𝑆 − 𝑇𝐹 )

(5.10)

74

The convection heat transfer can be categorized to free convection and forced convection.
Free convection is defined when fluid motion is simply caused by buoyancy forces due to the
differences in density and forced convection is when external forces control fluid motion. In this
study, the concrete structures were constructed where minimal wind was observed. Therefore,
free convection was assumed in this case and a typical value (7.9 W/m2/K) was used as the free
convection coefficient for the interface between the surface of the steel formwork and the air.

Figure 5-14: Convection heat transfer (Thomas, 1908)
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Figure 5-15: Ambient temperature record for 1.8-meter cubes located in District1, 5 and 6
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Figure 5-16: Ambient temperature record for 1.2-meter and 0.9-meter cubes located in WVU
5.6 3-D Finite Element Model Geometry
Finite element (FE) models were created using ABAQUS software according to the cube
experiment stated in Section 4.2. The cube models have four parts: a concrete block, a side
insulation layer, a top cover and a base. Figure 5-17 shows the dissembled parts of the cube
model. The parts information for all six modeled concrete cubes is shown in Table 5-5. Eightnode linear heat transfer brick element (DC3D8, Figure 5-18) was used in all the models. 5-cm
element size was used for the thermal analysis, which is determined based on the results of
element size sensitivity analysis. The FE results using 5-cm element size had less than 1%
difference in comparison with 2.5-cm element. The 1.8-meter cubes had a total of 50,223
elements and 56,561 nodes.
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Figure 5-17: Dissembled parts of the concrete cube model
Table 5-5:Details of the parts from each modeled cube
Dimension

Formwork
material

Formwork
Thickness

Base
material

Base
thickness

District 1

1.83 m

Wood

2.5 cm

Soil

0.3 m

District 5

1.83 m

Steel

2.5 cm

Gravel

0.3 m

District 6

1.83 m

Wood

2.5 cm

Gravel

0.3 m

WVU #1

1.22 m

Steel

2.5 cm

Wood

0.3 m

WVU #2

1.22 m

Steel

2.5 cm

Wood

0.3 m

WVU #3

0.91 m

Wood

2.5 cm

Wood

0.3 m
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Figure 5-18: DC3D8 element (ABAQUS 6.12 manual)
5.7 Modeling Algorithm
The thermal analysis model was designed to calculate the heat transfer for the first 120
hours after the concrete casting. With a fix time increment of 1 hour, 120 time steps were
assigned to the model. To account for the effects of age and temperature-history dependent
material properties and the non-uniform hydration process, two FORRTRAN subroutines,
"USDFLD" and "DFLUX", were created and incorporated. For each time step, both subroutines
were called for each individual element. When each of the two subroutines was called, the
equivalent age (te, Eq. 2.16) and the degree of hydration (α, Eq. 2.14) were calculated based on
the temperature history (calculated temperature solutions in previous time steps) of the current
element.

For each element at any time step, USDFLD calculate and update the thermal

conductivity (Eq. 5.7) and specific heat (Eq. 5.6) while DFLUX calculate the thermal loading
(Eq. 5.5). As a result, each element in different locations can realistically have its own unique
histories of thermal properties and heat generation.
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During each time step, a new set of temperature solutions for the current time step was
computed using the geometry, material properties, temperature profile from the previous time
step and the current thermal loading and boundary conditions. At the end of each time step, a
new temperature solution would be collected to update the degree of hydration in each concrete
element. With the updated degree of hydration, thermal conductivity, specific heat, and thermal
loading can be updated for the following time step. The algorithm flowchart of the thermal
analysis model is shown in Figure 5-19.

Figure 5-19: The algorithm of the thermal analysis model
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The concrete-steel interface conductance and steel-air thermal convection model
discussed earlier were implemented in the analysis. More specifically, temperature differences
between the concrete surface and inner steel formwork surface as well as the outer steel
formwork surface and the external air were included. Figure 5-20 shows a sketch of the
temperature distribution from the center to the external air (ambient temperature) at an early age
after casting. The values of interface conductance of steel-concrete and the surface convection
coefficient of steel-air were discussed in Section 5.4 and Section 5.5. When wood formwork was
used, the interface conductance of wood-concrete and the surface convection coefficient of
wood-air were not sensitive to the temperature results due to the low thermal conductivity of
wood.

Therefore, the same values of the interface conductance and surface convection

coefficient were used for the cubes with wood formwork.

Figure 5-20: Temperature distribution from the cube center to the external air at early age
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5.8 Thermal Analysis Results
The temperature profile histories of three 1.8-meter cubes (District 1, District 5 and
District 6), two 1.2-meter cubes (WVU # Cube#1 and #2) and one 0.9-meter cube (WVU #3)
were calculated using the created ABAQUS finite element models with the attendances of two
subroutines as described in Figure 5-19. The temperature profile history of the entire concrete
cube can be extracted from the ABAQUS ODB file after the analysis is finished. ABAQUS
program can display the temperature distribution on any cut plane at any time step. As an
example, Figure 5-21 shows the calculated temperature contour field of the middle cross-section
of District 5 cube as an example. At the time step of 29 (29 hours after the concrete placement)
the center (in the grey area) temperature reached the maximum temperature of 65 °C (149°F).
The temperature at the side location (5 cm from the surface) in the green area has a lower
temperature of 41 °C (106 °F).

Figure 5-21: Temperature distribution of the center cross-sectional cut of Cube #2 at 29 hours
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The accuracy of temperature calculations at center and side (the length of one mesh
element) locations (see Section 4.2 for temperature logger locations) are the most important in
order to predict the maximum center temperature and maximum temperature differential. Hence,
the results can be used to check with the limitations. ACI 301-10 states that the maximum center
temperature cannot exceed 70 °C (158 °F) while the maximum temperature differential between
the center and side locations cannot exceed 20 °C (35 °F). Figure 5-22 to Figure 5-27 shows the
comparisons of FEM predictions (lines and dotted lines in red) and experimental measurements
("×" and "+" in blue) of the center and side temperature histories for six concrete cubes (District
1 cube, District 5 cube, District 6 cube, WVU Cube #1, WVU Cube #2 and WVU Cube #3). The
correlations between FEM results and experimental measurements were evaluated by statistical
analysis (correlation test) shown in Section 5.10.
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Figure 5-22: Experimental and FEM results of center and side temperatures (District 1 cube)

82

70

Experiment (Center)
Experiment (Side)
FEM (Center)
FEM (Side)
Ambient

Temperature ( ̊ C)

60
50
40
30
20
10

0
0

20

40

60
Time (hour)

80

100

120

Figure 5-23: Experimental and FEM results of center and side temperatures (District 5 cube)
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Figure 5-24: Experimental and FEM results of center and side temperatures (District 6 cube)
83

75
Experiment (Center)

Temperature ( ̊ C)

65

Experiment (Side)
FEM (Center)

55

FEM (Side)
45

Ambient

35
25
15
5

0

20

40

60
Time (hour)

80

100

120

Figure 5-25: Experimental and FEM results of center and side temperatures (WVU Cube #1)
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Figure 5-26: Experimental and FEM results of center and side temperatures (WVU Cube #2)
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Figure 5-27: Experimental and FEM results of center and side temperatures (WVU Cube #3)
The temperature differential (∆T) between the center and side is one of the key factors
which is influencing the thermal stress development. The histories of ∆T were obtained and
compared between the experimental measurements and FEM calculations. The comparisons of
∆T for the concrete cubes are shown in Figure 5-28 to Figure 5-33. The statistical analysis of the
prediction accuracy is shown in Section 5.10. The influences of the cube size can be seen in the
experimental measurements and FEM results. The times of maximum center temperatures were
between 25 hours to 28 hours for the 1.8-meter cube and 15 to 16 hours for the 1.2 meter cubes.
The times of maximum temperature differentials were between 41 hours to 43 hours for the 1.8meter cubes and 18 to 19 hours for the 1.2 meter cubes. The FEM results were also able to
predict the time of those occurrences for cubes with different sizes.
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Figure 5-28: Experimental and FEM results of temperature differentials (District 1 cube)
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Figure 5-29: Experimental and FEM results of temperature differentials (District 5 cube)
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Figure 5-30: Experimental and FEM results of temperature differentials (District 6 cube)
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Figure 5-31: Experimental and FEM results of temperature differentials (WVU Cube #1)
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Figure 5-32: Experimental and FEM results of temperature differentials (WVU Cube #2)
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Figure 5-33: Experimental and FEM results of temperature differentials (WVU Cube #3)
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The temperature distributions from center to surface of the concrete cubes can show how
well the concrete is insulated. Temperature loggers were installed along the center-surface path
as described in Section 4.2. The center-surface temperature distributions were compared with
the FEM results different times (30, 50, 70 hours for 1.8-meter cubes and 15, 30, 45 hours for
1.2-meter cubes). The comparisons of the temperature distributions are shown in Figure 5-34 to
Figure 5-38. Among the three 1.8-meter cubes (Figure 5-34, Figure 5-35 and Figure 5-36),
District 5 cube has the largest temperature gradient (temperature change per unit distance)
because it was the only one using steel formwork. Both the two 1.2-meter cubes used steel
formwork. However, the temperature gradient of WVU Cube #1 was much larger than WVU
Cube #2 only at 15 hours while similar temperature gradients were found at 30 hours and 45
hours (Figure 5-37 and Figure 5-38). The reason was the ambient temperature drop in the first
night after casting was much larger in the case of WVU Cube #1. It caused a higher rate of heat
loss and temperature gradient during that night.
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Figure 5-34: Center to surface temperature distribution (District 1 cube)
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Figure 5-35: Center to surface temperature distribution (District 5 cube)
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Figure 5-36: Center to surface temperature distribution (District 6 cube)
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Figure 5-37: Center to surface temperature distribution (WVU Cube #1)
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Figure 5-38: Center to surface temperature distribution (WVU Cube #2)
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The experimentally measured maximum center temperatures (Tmax) and the maximum
temperature differentials (∆Tmax) of each cube were described with the associated influencing
factors (Section 4.3). The center and side temperature histories from FEM results can be used to
calculate the values of Tmax and ∆Tmax for the concrete cubes. From FEM results, the values Tmax
and ∆Tmax and the time when it occurred for each cube are compared between the experiments
(Section 4.2) and the FEM results as shown in Table 5-6. Small errors (difference between the
experiment and FEM) in temperature and time of occurrence are shown in Table 5-7.
Table 5-6: The comparison of Tmax and ∆Tmax between the experiment and FEM analysis results

Cube

District 1
District 5
District 6
WVU #1
WVU #2
WVU #3

Formwork
Wood
Steel
Wood
Steel
Steel
Wood

Experiment
Time
Tmax

FEM
Tmax

(°C)

(hour)

(°C)

Time
(hour)

63
65
69
68
64
55

25
28
25
15
16
17

61.4
63.9
70.7
69.2
64.8
55.8

26
29
25
14
16
16

Experiment
Time
∆Tmax

∆Tmax

(°C)

(hour)

(°C)

Time
(hour)

18
23
19
27
23
10

43
41
41
18
19
19

16.3
22.0
21.1
24.8
21.8
9.8

42
43
42
17
19
19

Table 5-7: Errors in temperature prediction
Error

Cube

Tmax
(°C)

Time_Tmax
(hour)

∆Tmax
(°C)

Time_∆Tmax
(hour)

District 1
District 5
District 6
WVU #1
WVU #2
WVU #3
Average
St. Dev.

1.6
1.1
1.7
1.2
0.8
0.8
1.2
0.38

1
1
0
1
0
1
0.7
0.52

1.7
1
2.1
2.2
1.2
0.2
1.4
0.76

1
2
1
1
0
0
0.8
0.75
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FEM

5.9 A Case Study of a Real World Concrete Element
One of the pier-caps of the Ices Ferry Bridge was used as a case study to test the thermal
analysis model. A picture of the studied pier-cap is shown in Figure 5-39, which has a maximum
and minimum dimensions of 11.25 meters and 1.83 meters. Same with WVU Cube #3, Mix 5 in
Table 5-2 was used as the mix design. Steel formwork was used for the construction. The piercap was constructed on top of the pier-stem made of hardened concrete with an initial concrete
temperature of 15 °C. The ABAQUS model of this pier-cap is shown in Figure 5-40 with
marked dimensions. Using the modeling method described in this chapter, the temperature
profile histories were calculated. The temperature distribution in the center cross-sectional cut at
33 hours (when maximum center temperature occurred) after construction is shown in Figure
5-41. The center and side temperature history along with the FEM calculation results are
presented in Figure 5-42.
The predicted center temperature seems to be decreasing slower than the measured
temperature. Unlike the concrete cubes, the pier-cap structure was embedded with heavy steel
reinforcement inside of the concrete body. The thermal conductivity of the steel is much higher
than plain concrete. Therefore, the heat flow from the center to surface of the reinforced
concrete should be faster than plain concrete. In the finite element model, a thermal conductivity
of plain limestone concrete (2.1 W/m/K or 1.2 BTU/ft/hr/°F) was used for the entire pier-cap
body. Therefore, the modeled heat transfer was slower than the actual results. The influence of
the steel reinforcement is depending on the size, amount and locations of the steel bars. Further
studies are recommended on the influence of the steel reinforcement.
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Figure 5-39: A picture of constructed Ices Ferry Bridge Pier-cap

Figure 5-40: Geometry of the Ices Ferry Bridge Pier-cap
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Figure 5-41: Temperature distribution of the center cross-sectional cut at 33 hours
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Figure 5-42: Experimental and FEM results of center and side temperatures (pier-cap)
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5.10 Statistical Analysis of the Thermal Analysis Results
The correlation coefficient (a value between -1 and +1) shows how strongly two variables
are related to each other. A correlation coefficient of "+1" indicates a perfect positive correlation,
"-1" indicates a perfect negative correlation and "0" indicates no correlation. The correlation
coefficient can be calculated using Eq. (5.11). Correlation test was performed on temperatures
between experimental measurements and FEM results (120 hours) for each cube as well as the
pier-cap. The comparison of temperature between experiment and FEM is shown in Figure 5-22
to Figure 5-27 and Figure 5-42. The calculated correlation coefficients are summarized in Table
5-8. The correlation coefficients between the experiment and FEM temperatures for all cubes
(both side and center) are very high (above 0.95) which indicate very strong correlations. The
average correlation coefficients for center and side locations among all concrete structures are
0.9866 and 0.9944, respectively.

𝐶𝑜𝑟𝑟𝑒𝑙 (𝑥, 𝑦) =

∑(𝑥−𝑥 ′ )(𝑦−𝑦 ′ )

(5.11)

√∑(𝑥−𝑥 ′ )2 (𝑦−𝑦 ′ )2

x: Temperature data from experimental measurements
x': Average temperature data from experimental measurements
y: Temperature data from FEM results
y': Average temperature data from FEM results
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Table 5-8: Correlation test results
Concrete cube
District 1 cube
District 5 cube
District 6 cube
WVU Cube #1
WVU Cube #2
WVU Cube #3
Pier-cap
Average

Center
Side
Center
Side
Center
Side
Center
Side
Center
Side
Center
Side
Center
Side
Center
Side

Hourly data for 120 hours
Correlation coefficient
0.9946
0.9811
0.9920
0.9833
0.9920
0.9833
0.9973
0.9763
0.9975
0.9873
0.9930
0.9918
0.9698
0.9866
0.9944
0.9839

5.11 Conclusions
In this chapter, a procedure to predict temperature profile histories of early age concrete
members using finite element calculation was described. To maximize the modeling accuracy,
all the material related parameters are addressed in details. The adiabatic temperature rise of the
concrete was determined experimentally using an adiabatic calorimeter and converted into a
mathematical formulation for finite element modeling. Thermal properties including specific
heat and thermal conductivity were considered to be degree of hydration dependent and
determined individually for each element in the model. The interface conductance between
concrete and steel formwork was determined experimentally and implemented to account for the
thermal resistance provided by the interface. External surface convection for a steel-air interface
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was used on the formwork surface. Based on the results from the seven concrete cubes, the
modeling method and experimental procedures developed have been validated to exhibit
reasonable accuracy and can be used to predict temperature profile histories for early age
concrete members.
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CHAPTER 6 STRESS ANALYSIS
6.1 Introduction
Currently, the most common thermal control practice is to limit the temperature
differential between the center and the surface of the concrete structures (see Section 2.5.1).
However, only temperature differential is not conclusive enough to determine cracking risks due
to thermal stresses.

Nagy and Thelandersson (1994) pointed out that the development of

concrete Young's modulus is very important in thermal-stress modeling. Gutsch and Rosatasy
(1995) suggested the importance of tensile strength development and the tensile creep behavior
in terms of cracking potentials. Lawrence et al. (2012) reported that temperature differential
alone was not sufficient to determine thermal stresses.

Instead, a thermal stress analysis

considering the changes of concrete material properties, such as thermal expansion coefficient,
elastic modulus and viscoelastisity should be used.
During the early age, the non-uniform temperature profile distribution causes
disproportionate thermal expansions within the concrete body. The surface concrete in lower
temperatures can be under high tensile stresses caused by restricting the relative thermal
expansions from internal concrete. Whether the high surface tensile stresses can cause cracking
is depending on the stress to strength ratio at the critical locations. During the hydration process
of the early age concrete, both the thermally-induced stresses and the concrete strength are
developing but at different rates. Cracks are most likely to occur at the critical locations where
tensile stress exceeds the tensile strength. Figure 6-1 originally presented by Tia et. al. (2010)
described an example of thermal stress and concrete tensile strength development. The cracking
zone in the figure refers to the time when the tensile stress exceeds tensile strength. In practice,
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this cracking time zone is most likely to occur between 0.5 to 2 days after concrete placement,
depending on the member geometry, size, boundary restraint and the ambient temperature
variations.
The development of thermally-induced stresses is a complicated phenomenon which
includes the variability of temperature distribution, concrete thermal and mechanical properties,
and the viscoelastic behavior of early age concrete. In recent years, finite element models have
been used to predict the thermally-induced stresses of early age concrete members. Waller et al.
(2004) presented a model using CESAR-LCPC which included two modules, TEXO and MEXO,
to perform the thermal analysis and stress analysis of concrete structures. Wu et al. (2011)
described the procedures calculating thermally-induced stresses for a wall element using ANSYS.
Tia et al. (2013) evaluated bridge footing elements with wooden formwork using TNO Diana
software. Their research findings are very helpful to this topic, however, the modeling procedure
of the viscoelastic behaviors due to tensile or compressive stresses were not detailed enough for
replication purposes.
Researchers have emphasized the importance of concrete’s viscoelasticity, which is
crucial in calculating thermal stresses. Bažant’s B3 model (Bažant, 1988), which was designed
for long-term creep behaviors, has been widely adopted recently to describe creep behaviors of
early age concrete. Østergaard et. al. (2001) improved the B3 model on the early age creep
behavior by adjusting the "aging" term, while Wei and Hansen (2013) made an adjustment on the
later ages by modifying the "flow" term of B3 model. However, the temperature, although often
ignored in the creep calculation, has a significant effect on early age concrete creep behavior.
Using the equivalent age to consider the temperature effect in creep was suggested by Bažant
and Baweja (2000). Atrushi (2003) also showed the usage of equivalent age on the modified
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double power law (DPL) with some experimental proof. Luzio and Cusatis (2012) validated the
solidification-microprestress–microplane (SMM) model considering moisture variation and
moisture diffusion associated with environmental exposure and internal water consumption.
This chapter describes the thermal-stress calculation of early age concrete using a
modified B3 model considering the aging and temperature effect in a variable loading and
temperature environment. A thermal stress calculation algorithm with experimental testing and
validations are presented. The only mix design discussed in this chapter is a 6-bag (43 kg per
bag of cement) straight Class B which is Mix 4 (Table 5-2). A lot of research effort was spent in
this particular mix design because it will be later used as the base-line mixture for the mass
concrete definition. In Section 5.3.1, the CRD-C thermal diffusivity test was conducted for Mix
4. In this chapter, different mechanical properties were also tested and used in the FEM stress
analysis.

Figure 6-1: Thermal stress and tensile strength development (Tia et. al., 2010)
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6.2 Sensor Installation in WVU Cube #1 and #2
In addition to the temperature loggers (see Section 4.2.5), WVU Cube #1 and #2 were
installed with Geokon vibrating wire strain gages (Model 4200, gage length 15.25 cm, Figure 6-2)
in order to study the development of thermal stresses. The internal structure of Geokon gage is
shown in Figure 6-3. The stain is able to continuously measure the strain changes between the
two circular end blocks (O-ring end block as in Figure 6-3) based on the vibrating frequency
measurements of the internal metal wire connecting the two end blocks. It also has an internal
thermistor measuring temperature at the middle of the strain gage. Therefore, the temperature
variation induced stain changes to the vibrating wire itself can be eliminated from the concrete
strain readings.

Figure 6-2: Geokon embedment strain gage Model 4200

Figure 6-3: The internal structure of the strain gage
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Figure 6-4 shows the supporting grid made of #5 steel bar and the installed sensors. The
Geokon strain gages were installed at Location A for Cube 1 and Location A, B, and C for Cube
2. The locations of the strain gage are illustrated in Figure 6-4; Location A and B are 10 cm and
5 cm from the center of the side surface, while Location C is 2.5 cm from the center of the top
surface. Figure 6-5 shows two pictures of the cube casting (WVU Cube #1 and #2).

Figure 6-4: A pictures of the support grid and sensors before casting

Figure 6-5: Cube casting pictures
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6.3 Mechanical Properties of Early age Concrete
In order to calculate the thermal stresses, accurate estimations of the concrete tensile
strength and the modulus of elasticity development are crucial. The degree of hydration (𝛼)
calculated using Eq. (2.14) was used to estimate the concrete strength and modulus at any given
time, which is a function of the equivalent age, 𝑡𝑒 . The equivalent age can be calculated using the
Arrhenius equation, Eq. (2.16) (Freiesleben-Hansen & Pedersen, 1985), which is depending on
the concrete temperature history and the activation energy, Ea. The activation energy of Mix 4
from Table 5-2 was determined to be 41,800 J mol-1 by Yikici and Chen (2013) following ASTM
C 1074-10 procedures. The ultimate degree of hydration, 𝛼𝑢 , can be calculated using Eq. (2.13)
(Mills, 1966). The hydration parameters, τ and β, were two constants depending on the mix
design. τ = 14.0 and β = 0.94 were determined from the adiabatic temperature rise tests and
curve fitting method as described in Section 5.2.2 and a published research paper by Lin and
Chen (2015).

Figure 6-6: Compressive strength testing
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6.3.1 Concrete strength testing
The compressive strength in development curves of Mix 4 (6-bag straight Class B, WV)
were tested using the 15 cm × 30 cm (6 in × 12 in) cylinders and 10 cm × 20 cm (4 in × 8 in)
cylinders (Figure 6-6). The concrete samples were cured at a constant temperature of 23 °C
(73 °F). No significant differences in compressive strength were spotted due to the sample size.
The test was repeated at least four times. A typical early age (0.5, 1, 2, 3 and 7 days) compress
strength development curve is shown in Figure 6-7.
In the past, many researchers have shown a linear relationship between concrete
compressive strength and degree of hydration (Byfors, 1980; Ulm and Coussy, 1996; Lokhorst
1998; Schutter 2002).

In this case, the compressive strength and degree of hydration (α)

exhibited a high linear correlation as shown in Figure 6-8. The concrete ages were converted to
the degree of hydration using Eq. (2.14). This linear relationship, Eq. (6.1) will be used to
describe the concrete strength at any given degree of hydration.

Figure 6-7: Compressive strength curve of Mix 4
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Figure 6-8: Relationship between compressive strength and degree of hydration

𝑓𝑐′ = 45.53𝛼 − 1.71

(𝑓𝑐′ ≥ 0)

(6.1)

Figure 6-9: Splitting tensile strength testing
Splitting tensile strength development (Figure 6-9) was determined according to ASTM
C 496 using 15 cm by 3 cm cylinders with the same curing temperature of 23 °C (73 °F). Wight
and MacGregor (2009) presented Eq. (6.2) obtained from the mean split cylinder strength (𝑓𝑐𝑡 )
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from a massive database. The curve described by Eq. (6.2) has a high correlation with the current
splitting tensile experiment results; the comparison of the test results and the predicted values
using Eq. (6.2) are shown in Figure 6-10. For modeling purposes, the splitting tensile strength
development can also be expressed in terms of the degree of hydration shown in Eq. (3.1.3)
which is derived from Eq. (3.1.1) and Eq. (3.1.2).

Figure 6-10: Splitting tensile strength test results in comparison with Wight & Macgregor (2009)

𝑓𝑐𝑡 = 0.53√𝑓𝑐′ (𝑖𝑛 𝑀𝑃𝑎)
𝑓𝑐𝑡 = 0.53√45.53𝛼 − 1.71

(6.2)

(𝑓𝑐′ ≥ 0)

(6.3)

6.3.2 Elastic modulus testing
In the stress analysis, accurately assigning elastic modulus for the concrete under tension
is essential for thermal stress calculations.

The tensile modulus development curve was

experimentally obtained. The samples used in the tensile modulus test were 0.9-meter long dogbone samples, each with a 10 cm × 10 cm mid-cross-section (Figure 6-11). One Geokon
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vibrating wire strain gage was embedded in the middle of the concrete sample. A steel hook was
placed at each end in order to apply tension. The sample was loaded in direct tension nondestructively (Figure 6-12) using a force between 600 to 2400 Newtons (approximately 10%
stress to strength ratio) depending on the concrete maturity. The strain due to external tensile
stress was measured by the vibrating-wire strain gage. The sample was loaded four times for
each data point to ensure the accuracy. Each loading lasted approximately 10 seconds to
minimize any creep effect. The tensile modulus values shown in Figure 6-13 were obtained
based on the measured stress to strain ratios. The relationship between compressive strength and
Young's modulus for this particular mix design can be determined using the curve fitting method.
A best- fit exponential function as shown in Eq. (6.4) is used to describe the development of the
Young's modulus. In Eq. (6.4), the compressive strength, 𝑓𝑐′ can be expressed with degree of
hydration (Eq. (6.1)).

The elastic modulus can also be expressed in terms of the degree of

hydration as in Eq. (6.5). The Young’s modulus is assumed identical in both tensile and
compressive directions.

Figure 6-11: Dog-bone sample for tensile modulus testing
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Figure 6-12: Elastic tensile modulus testing

Figure 6-13: Tensile modulus development of Mix 4
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𝐸𝑐 = 5,407 𝑓′𝑐0.492
𝐸𝑐 = 5,407 (45.53 𝛼 − 1.71)0.492

(6.4)

(𝑓𝑐′ ≥ 0)

(6.5)

6.3.3 Coefficient of thermal expansion (CTE) testing
After performing the tensile modulus testing, the dog-bone sample with embedded
vibrating-wire strain gage was reused to test the coefficient of thermal expansion (CTE). The
dog-bone sample was submerged into a temperature controlled water tank and placed on
frictionless base provided by ball bearings (Figure 6-14). The sample was able to freely expand
and contract due to temperature changes. The strain data of the dog-bone sample was recorded
while the water temperature was controlled to slowly rise and drop. The CTE test was repeated
three times and the test results correlated closely with an average thermal expansion coefficient
of 8.53 micro-strains per ºC at 28 days of age. Figure 6-15 shows the plot of the measured strain
vs. temperature. An almost perfect straight fitted line in red (R2 = 0.999) was displaced which
means a constant value of CTE was obtained within the displaced temperature range of 24 ºC to
40 ºC.
The thermal expansion coefficient is assumed to be a constant for simplicity. The
variation of CTE of concrete is difficult to measure because of the temperature influence of the
concrete maturity, especially at an early age; it was shown by McCullough and Rasmussen (1998)
that concrete CTE variation after 24 hours of age could be assumed negligible where the CTE
before 24 hours decreased noticeably. It is noted that CTE is also depending on the moisture
level inside concrete, and it is assumed that the moisture level in the current concrete cube is
close to 100% (Lin and Chen, 2015).
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Figure 6-14: CTE test sample

Figure 6-15: Strain vs. temperature
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6.4 Viscoelasticity of Early Age Concrete Viscoelasticity
The viscoelastic behavior of early age concrete plays an important role in calculating
thermal stresses. The tensile creep behavior of early age concrete is complicated. Tensile creep
tests performed by Gutch and Rostasy (1995) showed pronounced viscoelasticity when load was
applied at an early age. Umehara and Uehara (1995) and Atrushi (2003) demonstrated the
influence of temperature on early age tensile creep. Østergaard et al. (2001) and Atrushi (2003)
showed the strong loading age dependency in the early ages. Bažant and Baweja (2000)
presented a mathematical expression of structural creep law (B3 model) shown in Eq. (6.6). With
experimentally determined empirical constants (q1 to q4), B3 model was often found accurate in
terms of correlating with the experimental data.

𝐽(𝑡, 𝑡 ′ ) =

𝜀(𝑡)
𝜎

= 𝑞1 + 𝑞2 𝑄(𝑡, 𝑡 ′ ) + 𝑞3 ln[1 + (𝑡 − 𝑡 ′ )0.1 ] + 𝑞4 𝑙𝑛

𝑡
𝑡′

(6.6)

where,

𝑄(𝑡, 𝑡

′)

= 𝑄𝑓

(𝑡 ′ )[1

𝑄𝑓 𝑟 −1/𝑟
+(
) ]
𝑍(𝑡, 𝑡 ′ )
2

4

𝑄𝑓 (𝑡 ′ ) = [0.086(𝑡 ′ )9 + 1.21(𝑡 ′ )9 ]−1
𝑍(𝑡, 𝑡 ′ ) = (𝑡 ′ )−1/2 ln[1 − (𝑡 − 𝑡 ′ )0.1 ]
𝑟 = 1.7(𝑡 ′ )0.12 + 8.0
t: current age in days (t = 0 is when water is added to the mixture.)
𝑡 ′ : loading age in days
𝑞1 , 𝑞2 , 𝑞3 𝑎𝑛𝑑 𝑞4 : empirical constants
Østergaard et al. (2001) found that for early age tensile creep, B3 model may
underestimate the specific creep. The early age concrete exhibits much greater viscoelasticity.
They modified the 𝑞2 constant using Eq. (6.7) to amplify the age dependency for early age
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concrete, where 𝑞5 is always less than the physical loading age (𝑡 ′ ). In their research, with a
very early loading age of 0.67 days (16 hours), the best-fit value of 𝑞5 was found to be 0.58 days
(14 hours).

𝑞2′ = 𝑞2

𝑡′

(6.7)

𝑡 ′ −𝑞5

Temperature is also an important factor, which has two different effects on the creep
behavior of early age concrete. From the maturity concept, higher curing temperature will
accelerate the hydration process and increase the concrete maturity at the time of loading and
therefore decrease the specific creep. However, the creep deformation at an early age increases
significantly as the temperature increases. Atrushi (2003) stated that the increasing effect is
much greater than the decreasing effect. In Atrushi's experimental results, a significant increase
in tensile creep was found due to the effect of temperature increase. In order to consider the
effect of the temperature, the equivalent age concept was used by Bažant and Baweja (2000) and
Atrushi (2003); the equivalent age was used to replace the regular age in the places of the
loading age and the loading duration, where they found better agreements between the theoretical
and experimental results. Hence, the modified B3 model can be expressed as shown in Eq. (6.8).

𝐽(𝑡𝑒 , 𝑡𝑒′ ) =

𝜀(𝑡𝑒 )
𝜎

= 𝑞1 + 𝑞2

𝑡𝑒′
′
𝑡𝑒 −𝑞5

𝑄(𝑡𝑒 , 𝑡𝑒′ ) + 𝑞3 ln[1 + (𝑡𝑒 − 𝑡𝑒′ )0.1 ] + 𝑞4 𝑙𝑛

𝑡𝑒
𝑡𝑒′

(6.8)
6.4.1 Basic tensile creep testing
To measure the basic tensile creep of early age concrete, surface sealing is important
because tensile loading can significantly accelerate the drying effect and lead to more load
induced drying shrinkage. In this study, during each creep testing, two identical 0.9-meter dog113

bone samples with a 0.1 m x 0.1 m cross-section at the mid-span region were used. The concrete
molds and sensor installation were the same as shown in Figure 6-11. Both samples were sealed
with epoxy paint plus four layers of plastic wraps immediately after unmolding (one hour prior
to the loading). Epoxy paint creates an adhesion between the plastic wrap and the concrete
surfaces to further prevent surface drying. Both samples were kept in the same room with a
controlled temperature of 23 ºC and 50% humidity level. One of the samples was loaded with a
tensile stress of 0.13 MPa (approximately 10% stress to strength ratio) while the other was kept
free to deform. Although the loading magnitude is small with respect to its tensile strength, the
specific creep was assumed to be un-affected. Hauggaard et. al. (1997) reported that the specific
creep response of early age concrete was found to be unchanged when a stress to strength ratio is
below 60%. A similar conclusion was found by Atrushi (2003) in his tests up to 80% stress to
strength ratio.
The strain measurements for both samples (loaded and free) were recorded using Geokon
vibrating wire strain gages. The difference in the monitored strain between the two samples
divided by the loading magnitude is calculated to show creep compliance. The tensile creep test
for Mix 4 was performed three times at three different loading ages (0.75, 1 and 10 days) and the
results are shown in Figure 6-16. As shown in Figure 6-16, all of the three test results can be
described by the modified B3 model (Eq. (6.8)). The best-fit empirical constants are shown in
Table 6-1.
Table 6-1: Best fit empirical constants for Eq. (6.8)
Constant

q1

q2

q3

q4

q5

Value

0.3

24.0

65.0

0.5

0.2
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Figure 6-16: Comparison of creep compliance between experimental results and Eq. (6.8)
6.4.2 Basic compressive creep
Although tensile and compressive creep models were often assumed to be the same for
simplicity, different tensile and compressive creep behaviors were discovered by numerous
researchers (Atrushi, 2003; Kanstad et al., 2012; Hilaire et al., 2011). The compressive creep
model of the current mix design was obtained from an existing model by Atrushi (2003) showing
in Eq. (6.9). The Double Power Law (DPL) developed by Bažant and Osman (1976) has been
widely used to model compressive creep behavior of hardened concrete. Atrushi (2003) modified
the DPL for early age concrete by incorporating the temperature effect observed in early age.
The equation includes equivalent age at loading (𝑡𝑒′ ), the current equivalent age (𝑡𝑒 ), the Young's
modulus at loading (𝐸(𝑡𝑒′ )) and three additional creep parameters (𝜙, d and p). This modified
double power law (M-DPL) is shown in Eq. (6.9). Since the Mix 4 was similar to the "Base-0
mix" from Atrushi (2003), same creep parameter values were used in the current calculation. The
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values of 𝜙, d and p were 0.75, 0.2 and 0.21, respectively obtained from Atrushi (2003). The MDPL with these pre-determined creep parameters were used to account for compressive creep of
concrete in the FEM calculations.

𝐽(𝑡𝑒 , 𝑡𝑒′ ) =

1
𝐸(𝑡𝑒′ )

[1 + 𝜙𝑡𝑒′

−𝑑

(𝑡𝑒 − 𝑡𝑒′ )𝑝 ]

(6.9)

6.4.3 Modeling of viscoelastic behavior
Before cracking, the concrete material is usually assumed linear elastic as in Eq. (6.10)
for one-dimensional stress; the elastic modulus is the ratio of the stress and the instantaneous
strain (εins). However, the early age concrete exhibits high viscoelastic behavior which causes a
change in effective modulus. The analytical response is illustrated in Figure 6-17. To simplify
the creep calculation, an effective modulus (Eeff) is used in the FEM modeling. The effective
modulus (Eq. (6.11)) represents the ratio of the stress and the total deformation. Figure 6-18
demonstrates a typical creep compliance, J(t,t’) of a concrete sample under constant loading.
J(t,t’) is defined as the ratio of the total strain (ε(t) = εtotal = εcr + εins)) and the stress (J(t,t’) =
ε(t)/). The creep coefficient (Ccr) is defined as the ratio of the creep strain (εcr) and the
instantaneous strain (εins) due to the loading (Eq. (6.12)). Eq. (6.13) can be derived according to
Figure 6-18. The growth of Young's modulus is considered in this model for early age concrete
as shown in Figure 6-18.

𝐸=

𝜎

(6.10)

𝜀𝑖𝑛𝑠

𝐸𝑒𝑓𝑓 =

𝜎
𝜀𝑡𝑜𝑡𝑎𝑙

=

𝜎
𝜀𝑖𝑛𝑠 (1+𝐶𝑐𝑟 )

=

𝐸

(6.11)

1+𝐶𝑐𝑟
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𝐶𝑐𝑟 (𝑡, 𝑡 ′ ) =
𝐶𝑐𝑟 (𝑡, 𝑡 ′ ) =

𝜀𝑐𝑟 (𝑡)
𝜀𝑖𝑛𝑠

=
(𝑡)

𝜀𝑡𝑜𝑡𝑎𝑙 (𝑡)−𝜀𝑖𝑛𝑠 (𝑡)

(6.12)

𝜀𝑖𝑛𝑠 (𝑡)

𝐽(𝑡,𝑡 ′ )𝜎−𝜀𝑖𝑛𝑠 (𝑡)
𝜀𝑖𝑛𝑠 (𝑡)

=

𝐽(𝑡,𝑡 ′ )−
1
𝐸(𝑡)

1
𝐸(𝑡)

= 𝐸(𝑡)𝐽(𝑡, 𝑡 ′ ) − 1

Figure 6-17: Concept of effective modulus, Eeff

Figure 6-18: Creep behavior of early age concrete
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(6.13)

Figure 6-19: Variable load decomposition
The creep behavior becomes more complicated when the concrete member is under
variable loading such as thermally-induced stresses which would change due to the variations of
the temperature gradient and the mechanical properties. The variable loading problem can be
solved using the superposition principle. At time n, the total load can be decomposed to n small
increments (𝛥𝜎𝑡 ). Each loading increment has its individual loading time (t' = i) and loading
duration (n-t'= n-i) (Figure 6-19). Without considering creep, the total stress at t = n, 𝜎𝑡𝑜𝑡𝑎𝑙 (𝑛)
can be expressed as the summation of the load increments (Eq. 6.14). When creep is considered,
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each loading increment (𝛥𝜎𝑡_𝑐𝑟 ) can be derived as in Eq. (6.15) and the total load can be
expressed as shown in Eq. (6.16) or Eq. (6.17). The actual overall stress release percentage due
to all of the load increments can be expressed as the ratio of 𝜎𝑡𝑜𝑡𝑎𝑙_𝑐𝑟 (𝑛) and 𝜎𝑡𝑜𝑡𝑎𝑙 (𝑛). Thus,
the overall creep coefficient and effective modulus can be derived as in Eq. (6.18) and Eq. (6.19),
respectively. In the FEM analysis, only basic creep was considered. Basic creep refers to the
strain observed on sealed samples due to sustained loading (Bažant and Xi, 1995). In reality, all
the surfaces of the two 1.2-meter cubes were covered for the entire 5 days after casting. The
influences from drying effect are assumed negligible.

𝜎𝑡𝑜𝑡𝑎𝑙 (𝑛) = 𝛥𝜎1 + 𝛥𝜎2 + 𝛥𝜎3 + ⋯ + 𝛥𝜎𝑛−2 + 𝛥𝜎𝑛−1 + 𝛥𝜎𝑛

(6.14)

𝑛

𝜎𝑡𝑜𝑡𝑎𝑙 (𝑛) = ∑ 𝛥𝜎𝑖
𝑖=1

𝛥𝜎𝑡_𝑐𝑟 =

𝛥𝜎𝑡
1+𝐶𝑐𝑟 (𝑛,𝑡′)

𝜎𝑡𝑜𝑡𝑎𝑙𝑐𝑟 (𝑛) =
𝛥𝜎𝑛−1
𝐸(𝑛)𝐽(𝑛,𝑛−1)

+

=

(6.15)

𝐸(𝑛)𝐽(𝑛,𝑡′)

𝛥𝜎1
𝐸(𝑛)𝐽(𝑛,1)

+

𝛥𝜎2
𝐸(𝑛)𝐽(𝑛,2)

𝛥𝜎3

+

𝐸(𝑛)𝐽(𝑛,3)

+⋯+

𝛥𝜎𝑛

𝐶𝑐𝑟_𝑜𝑣𝑒𝑟𝑎𝑙𝑙 (𝑛) =

𝛥𝜎𝑖

𝐸(𝑛)𝐽(𝑛,𝑛−2)

+

(6.17)

𝐸(𝑛)𝐽(𝑡=𝑛,𝑡 ′ =𝑖)

𝜎𝑡𝑜𝑡𝑎𝑙 (𝑛)
𝜎𝑡𝑜𝑡𝑎𝑙_𝑐𝑟

𝛥𝜎𝑛−2

(6.16)

𝐸(𝑛)𝐽(𝑛,𝑛)

𝜎𝑡𝑜𝑡𝑎𝑙_𝑐𝑟 (𝑛) = ∑𝑛𝑖=1

𝐸𝑒𝑓𝑓 (𝑛) =

𝛥𝜎𝑡

−1=
(𝑛)

∑𝑛
𝑖=1 𝛥𝜎𝑖
𝛥𝜎𝑖
𝐸(𝑛)𝐽(𝑛,𝑖)

∑𝑛
𝑖=1

𝐸(𝑛)

−1

(6.18)

(6.19)

1+𝐶𝑐𝑟_𝑜𝑣𝑒𝑟𝑎𝑙𝑙 (𝑛)

119

It is also noted that the relationship between the creep compliances and loading could
become non-linear if the loading stress and strength ratio becomes very high (Bažant and Xi,
1995); the creep deformation would be further increased due to nonlinear creep behavior at high
stress to strength ratio (Atrushi, 2003).

In this study, since only linear creep behavior is

considered, when stress to strength ratio is beyond 80%, the current creep model would slightly
overestimate the thermal stresses.
6.5 Discussion of Maturity Method on this Application
As discussed in Section 2.4.4, the maturity method has been usedthe late 1940ste in-situ
concrete strength since late 1940s. Many researchers have discovered that high temperature
curing may have a negative effect on the long-term concrete strength gain and maturity method
might not accurately estimate the strength values.

Carino and Lew (2001) described the

"crossover" effect due to high temperature curing. They suggested that maturity method is more
reliable in predicting the relative strength rather than absolute strength. Tepke et al. (2004)
concluded that high temperature curing affect the strength-maturity relationship. Kim and Rens
(2008) experimented on three sets of concrete cylinders in three different curing temperatures of
40 ºC, 50 ºC and 60 ºC. Their results showed higher temperature cured samples exhibited lower
ultimate strength at the equivalent age of 28 days.
In this study, three sets of concrete cylinders of Mix 4 were cured at 23 ºC, 40 ºC and 50
ºC. The strength development curves converted into equivalent age are shown in Figure 6-20.
Concrete cylinders cured at 23 ºC and 40 ºC showed very similar strength-maturity relationship
while the cylinders cured at 50 ºC showed lower strength. It suggests that maturity method
works for concrete with curing temperature between 23 ºC and 40 ºC but may not work for 50 ºC
or higher temperature. For validation purposes, another batch of concrete with the same mix
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design was cast and cured at 23 ºC, 30 ºC and 40 ºC. As shown in Figure 6-21, maturity method
worked quite well up to 7 days of equivalent age. In mass concrete applications, the concrete
temperatures are normally higher due to the relatively larger member sizes. At the center of a
mass concrete member, the temperature can be kept higher than 50 ºC for an extended period.
However, since only the surface tensile stresses are critical, the temperature near the surface is of
particular concern and the temperature is usually much lower due to external heat loss.
For both 1.2-meter concrete cubes constructed, the surface maximum temperatures were
about 45 ºC to 46 ºC and quickly decreased after the maximum temperatures were reached. To
validate if the concrete surface strength of these two cubes can be predicted using the maturity
method, another compressive strength test was performed using a set of concrete cylinders (0.1
m x 0.2 m) cured in a temperature history similar to the surface temperatures experienced by the
surfaces of the cubes (Figure 6-22). Similar to Figure 6-22, the strength development curve from
cylinders of identical concrete cured at 23 ºC was also obtained. Figure 6-23 shows that the
compressive strength of the cylinders with this variable temperature curing can be predicted by
the strength-maturity relationship. These results indicate that the maturity method may not
accurately predict the strength for long duration high temperature curing at a constant 50 ºC or
above, but it is applicable for the strength prediction of the concrete experiencing short-duration
high temperature curing, such as those experienced on the surface of the 1.2-meter cubes.
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Figure 6-20: Strength vs. Equivalent age in 23 °C, 40 °C and 50 °C
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Figure 6-21: Strength vs. Equivalent age in 23 °C, 30 °C and 40 °C
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Figure 6-22: Concrete surface temperature of Cube #1 and #2 and curing temperature
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Figure 6-23: Measured compressive strength of the samples cured differently
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6.6 Stress Analysis and Results
The computation of thermally-induced stresses for early age concrete contains two parts:
thermal analysis and stress analysis. Thermal analysis was first conducted using 3-dimensional
finite element method (FEM) and the calculated temperature compared quite well with the
experimental measurements (Chapter 5). The calculated temperature profile histories for WVU
Cube #1 and #2 were used as temperature input. For thermal stress analysis, the complexity of
variation in material properties and viscoelastic behavior required us to develop a subroutine
"USDFLD" to account for the change of material properties and viscoelastic behavior at every
time increment. For each individual element, the program first calculates the equivalent age (te)
and degree of hydration (α) based on the calculated temperature history. The compressive
elements and tensile elements are treated independently. The difference in creep behavior
between elements in tension and compression is considered (Section 6.4). The modified-B3
model is used to describe the tensile creep, and the modified Double Power Law (M-DPL) is
used to describe the compressive creep behavior. To simplify the analysis, it was programmed to
check the maximum principal stress in each element at every time step to identify tensile and
compressive elements.
The creep stress loading magnitude changes because of temperature variation. Load
decomposition and superposition rules were used to calculate the overall creep coefficient. The
effective modulus was then used to incorporate both elastic deformation and viscoelastic
deformation due to the creep behavior (Section 6.4). At each time-step, the thermal stress was
computed for each element based on the calculated thermal gradient, current elastic modulus and
overall creep coefficient.

Finally, the equivalent age, degree of hydration and stresses in

principle directions for each element were stored for the next time-step. Figure 6-24 shows the
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programming algorithm of the stress analysis. The analysis used a fix time increment of one
hour. The entire algorithm was executed for each individual element at every time-step. For
simplicity, the Poisson's ratio and coefficient of thermal expansion (CTE) were assumed
constants. The Poisson's ratio was assumed to be 0.2. CTE was experimentally obtained to be
8.53 micro-strains per ºC (Section 6.4). The frictional interaction between the bottom of the
concrete cube and the wood base was neglected for simplicity.
Stress analysis was performed for both 1.2-meter concrete cubes using the ABAQUS
program and the above FORTRAN subroutine.

The model had 15,625 nodes and 13,824

elements using 3-D 8-node linear element (C3D8R) with 5 cm element size. Results showed that
due to the temperature evolution and the thermal expansion, the inner elements were expanding
which caused the surface element to be in tension. The calculated surface tensile stress contour
patterns for the two cubes are similar. As shown in Figure 6-25 (WVU Cube #1), the tensile
strength of the concrete was exceeded by maximum thermal stress at the center locations of the
edges (shown as grey color) at 16 hours after concrete placement. The predicted tensile stresses
and the estimated tensile strength at the critical locations for both cubes were compared in Figure
6-26 and Figure 6-27. The estimated tensile strength history was calculated using Eq. (6.3) for
the concrete at that location; concrete strength was temperature history dependent, and hence,
location dependent. The FEM result showed that Cube #1 was likely to crack at these locations
because the maximum thermal stress exceeded the tensile strength. From the experimental
observation, four large cracks with an approximate cracking length of 0.6 meters were found at
the center of the top edges (0.3 meters on the top surface and 0.3 meters downward to the side
surfaces). Figure 6-25 shows the calculated stress distribution and the actual crack locations for
Cube #1. No other crack was found at the sides or bottom edges of Cube #1. The reason can be
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the non-uniform strength distribution due to vibration compaction; the top surface is typically
found to be the weakest part of the concrete cube (Yikici and Chen, 2013). For Cube #2, the
predicted maximum stress was shown meeting the estimated tensile strength at the critical
locations (Figure 6-27), however, no thermal crack could be visually identified on any surface of
Cube #2. The reason for Cube #1 to have larger stress magnitudes in comparison with Cube #2
was because of a larger ambient temperature drop at the night right after the Cube #1 was
constructed (see Figure 6-25); an 18 °C (Figure 5-16) drop in ambient temperature at the first
night after Cube #1 construction caused a significant increase in thermal stresses.
It is noted that the current FEM model assumes a creep model that is linear to the applied
stresses. The nonlinear creep behavior due to high stress to strength ratio is not considered in the
current model. It was observed by Atrushi (2003) that when applied tensile stress to strength
ratio was about 80 %, the creep coefficient became nonlinear with respect to the applied stress;
more creep strain was observed at higher stress to strength ratio. Therefore, it is assumed that the
current creep model is only able to estimate the allowable thermal stress up to 80 % of the tensile
strength. Because of the linear assumption, the estimation of the stress at the level higher than
80 % is considered to be conservative (the estimation is higher than the actual stress value) using
the current model. Although the grey region of Figure 6-25 shows thermal stress exceeded the
tensile strength, it can only be used as a qualitative indication of high cracking probability. The
current modified-B3 model is assumed to be only valid to obtain the thermal stress up to 80 % of
the tensile strength. The nonlinear creep behavior due to high stress to strength ratio needs
further investigation.
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Figure 6-24: The algorithm of the stress analysis

Figure 6-25: Predicted surface stress field and crack locations for WVU Cube #1
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Figure 6-26: Comparison of calculated thermal stress and estimated tensile strength for Cube #1
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Figure 6-27: Comparison of calculated thermal stress and estimated tensile strength for Cube #2
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The current calculations can only predict the thermal stresses up to the peakstress thermal
stress value; the unloading curve was calculated by assuming a constant creep coefficeient
obtained at the peak stress level. The effect of unloading was not included in the current creep
model, and hence, the stress values at the unloading portion of the curve were likely
underestimated. The effect of unloading on the creep behavior needs further investigation.
The finite element calculated strains were validated with the measurements. As
mentioned in Section 6.2, concrete strain histories were measured at several locations using
vibrating-wire gages. For Cube #1, the strain history was measured at Location A. For Cube #2,
strain values were measured at Location A, B and C. The locations are marked in Figure 6-4.
The FEM calculated strain histories at these locations were found to be reasonably close to the
measurements as shown in Figure 6-28. The best match was shown at location C of Cube #2
(2.5 cm in depth at the center of the top surface) which was far from any steel reinforcement
(shown in Figure 6-28(d)). The calculated strain histories (Figure 6-28(a)) showed some
deviations from the experimental measurements, which were possibly due to the restrains of
concrete movement provided by the parallel steel grid close to the sensor during Cube #1 testing.
On the other hand, during the Cube #2 testing (shown in Figure 6-28(b), identical location), there
was no parallel steel grid attached to the sensor. Autogenous shrinkage of concrete causes a
uniform shrinkage behavior which does not influence the thermal stress caused by
disproportionate temperature distribution. It may influence the thermal stress due to external
restraint. It is noted that the current FEM calculation neglected the effects of autogenous
shrinkage and external restraint; therefore, it was not included in the predicted strains in Figure
6-28.

The autogenous shrinkage of this particular concrete mixture was measured to be

approximately 10 micro-strains in sealed condition after the first 7 days.
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Figure 6-28: Comparison of calculated and measured strain changes at the locations near the
concrete surfaces (a) Cube #1 - Location A, (b) Cube #2 – Location A, (c) Cube #2 – Location B
and (d) Cube #2 – Location C
6.7 Conclusions
This paper describes a method to perform thermal stress analysis using ABAQUS
program with the aid of user subroutines. The developed subroutine program uses the degree of
hydration to estimate the variable elastic modulus and strength developments. Concrete tensile
creep and compressive creep behavior were included using a step-by-step incremental
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calculation algorithm. The influences from loading age and temperature effects were considered
in each time increment of the creep models. It was assumed that the current creep model is able
to calculate the thermal stress up to 80% of the concrete strength. The finite element simulations
were validated by the experimental data from two 1.2-meter concrete cubes testing. Strain
deformations at the locations near the concrete cube surfaces were measured and correlated
reasonably well with the calculated results.
The concrete cubes have high tensile stresses at the surfaces, especially at the center of
the edges. The tensile strength development of the concrete at surface locations can be estimated
using the maturity method, and the cracking risk could be assessed using the stress to strength
ratio obtained at the critical locations. Four visible cracks were found perpendicular to the top
four edges on WVU Cube #1 as predicted, due to a relatively high ambient temperature drop at
the first night after construction. The method developed can be used to estimate the thermallyinduced stress of concrete members so that precautions can be implemented prior to concrete cast
in order to prevent unexpected cracking. The FEM stress analysis procedures were published in
Lin and Chen (2015).
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CHAPTER 7 MASS CONCRETE DEFINITION
In this study, a good understanding of the behaviors of early age concrete was developed.
The important parameters influencing the temperature evolution and stress development were
studied. The created FEM models were able to predict the temperature and the thermal stress
histories for early age concrete members (Chapter 5 and Chapter 6).

The experimental

procedures and the FEM modeling techniques described in this study can be used to estimate the
cracking risk of any up-coming concrete members.

A mass concrete definition table was

developed using the modeling results described in Chapter 5 and Chapter 6.
7.1 Mix Design
It was understood that the size definition of mass concrete is highly depending on the
concrete mix design. WVDOT proposed that the Mix 4 (Table 5-2) should be used to produced
the mass concrete definition table as the thermally worst case scenario. Mix 4 (Central Supply
#13196891) is a very commonly used mix design in West Virginia, which has a total of 335
kg/m3 (564 lb/yd3) of Portland Cement with no mineral additive (6-bag straight Class B, WV).
The early age properties of Mix 4 were studied in Chapter 5 and Chapter 6 including the
temperature and thermal stress calculations of the two 1.2-meter cubes (WVU Cube #1 and #2).
Instead of performing actual experiments to cover all the different sizes and geometries, the
finite element models developed in this study were used to evaluate different cases. A mass
concrete definition table is described in this chapter to define the minimum sizes of mass
concrete for three most common pier-stem geometries
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7.2 Ambient Temperature and Minimum Surface Cover
With no future record or predictions of the ambient temperature, a proper 5-day ambient
temperature history is needed for the FEM analysis. The most important characteristic of the
ambient temperature on thermal stress development is not the magnitude of the temperature but
the daily temperature variations. Large ambient temperature drop when the concrete temperature
is still high can induce a higher rate of surface heat loss and higher thermal stress. The 20122013 temperature record in Morgantown, WV was checked from wunderground.com.
Approximately 92% of the days had a max-min temperature variation less than 17 ºC (30 ºF).
Therefore, a 17 ºC daily ambient temperature variation was assumed, varying linearly between
16 ºC (60 ºF) at 6 AM (the lowest point) and 32 ºC (90 ºF) at 3 PM (the highest point). The
assumed daily ambient temperature is shown in Figure 7-1. The concrete cast was assumed to be
finished at 10:00 AM with ambient temperature of 23 ºC (73 ºF).

The initial concrete

temperature was assumed to be 24 ºC (75 ºF) which is 1.1 ºC (2 ºF) higher than the assumed
current ambient temperature.
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Figure 7-1: Assumed ambient temperature
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Steel formwork was chosen due to its low thermal resistance. Wind speed is known to
have significant impact on the surface heat loss rate due to the change of convection coefficient
mentioned in the thermal analysis in Section 5.5. A higher wind speed can significantly increase
the thermal stress and the possibility of thermal cracking. The variations of wind speed from day
to day can be very large which makes the assumption of wind speed very difficult for the mass
concrete definition analysis. Either any unconservative or overly conservative assumptions of
wind speed cannot provide the proper solution. As a feasible solution, a wind speed of zero was
assumed with the requirement a minimum surface cover outside the steel formwork. It means
that the steel formwork needs to be completely covered to prevent any direct contact from
external wind blowing. For example, a thin plastic sheet can be used to cover the formwork.
7.3 FEM Analysis
The thermal-stress analysis developed in this study was used to evaluate the thermal
stresses for concrete members in three common pier-stem geometries using Mix 4 (Table 5-2) as
the mix design. The experimental results and the modeling techniques for Mix 4 was discussed in
details in Chapter 5 and Chapter 6. A summary of Mix 4 experiments and modeling are
presented in the following bullet points.
Experimental results used in the thermal analysis model:






Adiabatic temperature rise (4 tests) = 47.3 ºC ~ 50.2 ºC (85.1ºF ~ 90.3ºF)
Thermal conductivity of concrete (hardened concrete) = 1.87 W/m/K (1.07 Btu/hr/ft/°F)
Specific heat of the initial concrete mixture is based on the amount of each ingredient
Assumed specific heat of individual ingredients:
Limestone: 840 W/kg/K (0.20 Btu/lb/°F)
Fine Aggregate: 710 W/kg/K (0.17 Btu/lb/°F)
Cementitious material: 740 W/kg/K (0.18 Btu/lb/ºF)
Water: 4184 W/kg/K (1.0 Btu/lb/°F)
The initial specific heat of concrete: ~963 W/kg/K (~0.23Btu/lb/ºF)
Activation Energy = 41,800 (J/mol)
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Experimental results used in the stress analysis model:







Tensile modulus curve
Compressive modulus curve
Compressive strength curve
Thermal expansion coefficient (8.5 × 10-6/ ºC)
Tensile creep test result
Activation Energy = 41,800 (J/mol)

Thermal analysis modeling








Temperature history dependent degree of hydration
Degree of hydration dependent thermal conductivity
Degree of hydration dependent specific heat
Degree of hydration dependent thermal loading based on ATR results
Assumed ambient temperatures with a 30ºF daily variation
Steel formwork with no extra insulation protection
Thermal convection model with zero wind speed
 Class B Straight 6-bag limestone concrete mix (Mix 4, or Central Supply #1396891)
Stress analysis modeling






Temperature history dependent degree-of-hydration
Degree-of-hydration dependent Young's modulus
Difference in concrete tensile modulus and compressive modulus
Experimentally confirmed thermal expansion coefficient
Incremental creep behavior using Bazant's creep models considering:
1. Different loading age for each load increment
2. Different loading duration for each load increment
3. Temperature effect on creep
4. Consider tensile creep and compressive creep separately

7.4 Mass Concrete Definition Table
Bridge pier-stem with three common column geometries (circular, rectangular and square)
(Figure 7-2) were evaluated from 0.6 m (2 ft) to 1.5 m (5 ft) with a size increment of 0.15 m (0.5
ft). The predicted tensile stress histories were compared with estimated surface concrete tensile
strength development curve. A certain concrete member will be defined as "mass concrete" if
the predicted stress exceeds 80% of the tensile strength at any time step. The "80%" was
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included as a safety factor for various unpredictable conditions. The procedures to determine
whether a certain concrete member is mass concrete are listed in the following bullet points.
•

Perform thermal analysis and obtain temperature profile history.

•

Load temperature profile history, perform stress analysis and obtain stress profile history.

•

Locate the maximum stress location and plot its tensile stress history in principle
direction.

•

Calculate the estimated tensile strength history at the maximum stress location using its
temperature history and experimentally obtained strength curve.

•

Compare the stress and 80% strength to see if the stress is higher at any time to decide
whether the structure is “mass concrete” or “non-mass concrete”.
A typical representation of tensile strength versus tensile stress comparison is shown in

Figure 7-3, which describes the strength and stress time history comparison for a 1.07 m (3.5 ft)
square column. As seen in Figure 7-3, the calculated thermal stress exceeded 80% of the tensile
strength but did not exceed 100% of the tensile strength. Therefore, this case is defined as mass
concrete, which is shown in "red" in the definition table (Table 7-1). As shown in Figure 7-4,
the calculated thermal stress is less than 80% of the strength for a 0.91 m (3 ft) square column,
and it is referred as non-mass concrete and shown in "green" in Table 7-1. In Table 7-1, the
results of all three geometries are presented in terms of mass ("red") and non-mass ("green")
using a size increment of 0.15 m (0.5 ft). The minimum size (D) of mass concrete for circular,
square and rectangular shapes are 1.22 m (4 ft), 0.91 m (3 ft) and 0.61 m (2 ft), respectively. It
can be very useful on pier-stem design in terms of different geometries, because different
geometries affect the thermal stress distribution and cracking potentials. As a reference, Table
7-2 presented the mass concrete definition table with 100 % strength limit.
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1. Circular pier stem: D (diameter) x 3D (height)
2. Square pier stem: D x D x 3D
3. Rectangular pier stem: D x 3D x 3D

Figure 7-2: Three common geometries
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Figure 7-3: Stress and strength comparison from FEM results of the 1.07 m square column
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Tensile stress/strength (MPa)
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Figure 7-4: Stress and strength comparison from FEM results of the 0.91 m square column
Table 7-1: Mass Concrete Member Definition Table (80% Strength Limit)

Table 7-2: Reference Table (100% Strength Limit)
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7.5 Important Terms of Use
The mass concrete definition table developed in this study should not be used unless the
following terms are satisfied.
1. The total cementitious material should be less than 335 kg/m3 (564 lb/yd3). The use of Type
III cement (high early age) are prohibited. Exceptions can be made if the proposed mix
design has less early age hydration heat than Mix 4 (Table 5-2) measured by WVU lab or a
third party certified by WVDOT.
2. Coarse aggregates with a higher coefficient of thermal expansion should not be used
especially natural river aggregates.
3. Formwork and minimum surface cover must be in place for a minimum of 5 days.
4. Watering or applying wet burlap directly to the concrete surfaces are prohibited within 5 days
after casting.
7.6 Preliminary Analysis Results with Additional Insulation
The mass concrete definition table using the Mix 4 (6-bag straight Class B) was presented
above using a conservative approach. The allowable sizes are relatively small due to the high
hydration heat and lack of thermal protections. There are different methods that can be applied
to mass concrete structures to reduce thermal stresses and increase the allowable size. Using
surface insulation is one of the most cost-effective solutions. Surface insulation can effectively
slow down the rate of surface heat loss and reduce the thermal stress. A preliminary analysis was
performed on the three types of pier-stems. Insulation R values were added to the surface
protection of the existing mass concrete elements (R5 = 2.5 cm or 1 in of Styrofoam). The effect
can be seen that allowable sizes for all geometries are increased in Table 7-3. With R5 insulation
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added, the allowable size for rectangular, square and circular elements is increased to 0.76 m (2.5
ft), 1.22 m (4ft), and 1.52 m (5ft), respectively. More insulation can be added to further increase
the size of the rectangular element. The allowable size can be up to 1.22 m (4 ft) if R15 (5 cm or
2 in of Styrofoam) are added.

The results are still preliminary without any experimental

confirmation. Further analysis and experimental validation are needed.
Table 7-3: Reference Table (additional R values and 80 % Strength Limit)
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CHAPTER 8 GROUND GRANULATED BLAST-FURNACE SLAG
8.1 Production of GGBFs
Blast furnace slag is produced when iron ore is reduced at about 1,350 to 1,550 °C in a
blast furnace. The main product of a blast furnace is the molten iron. The other components turn
to a liquid slag form at such high temperature and flow to the bottom of the furnace. The liquid
slag has a lower density than the molten iron, and thus forms a liquid slag layer above. After
being cooled down in the air, the solid slag is collected for further use (Siddiqui 2008).
Typically, about 220 to 370 kilograms of blast furnace slag are produced per metric ton of pig
iron (Kalyoncu, 1998).
The liquid slag crystallizes if cooled slowly or becomes a form of glass if cooled rapidly.
There are three ways of cooling to form three different types of blast furnace slag. The palletized
slag is produced by partially cooling the slag with water, and then flinging it into the air. The
pellets contain much less glass content if compared to the granulates, as low as 50 %. Part of the
palletized slag is used as concrete aggregate and is much used in cement production as raw
material as well. The air-cooled slag is formed by allowing the slag to solidify slowly in the air,
and sometimes followed by accelerated cooling with a water spray. The air-cooled slag is hard
and dense, being normally used for road bases, railway ballast, asphalt paving and concrete
aggregate. The granulated slag is produced by quenching the liquid slag with large amount of
water to produce sand-like granulates. Later, they are ground to fine powder, called Ground
Granulated Blast Furnace slag (GGBFs).
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Among the three different types of slag, GGBFs is the most valuable one because it can
be used as cementitious material when mixed with Portland cement, lime or other types of
Alkalis. Figure 8-1 shows the raw and final product of GGBFs (Anderson, 2009). When
flowing to the bottom of the furnace, the liquid slag forms a layer above the molten iron due to
the smaller density of slag. After being separated from the molten iron, the liquid slag is cooled
down in the air or water and prepared for further use. Lower grade ore results in more slag—
sometimes as much as 1.0 to 1.2 tons of slag per ton of pig iron (Kalyoncu, 1998).

Figure 8-1 The raw and final product of GGBFs (Gordon Anderson, 2009)
8.2 Properties of GGBFs Power
Ground granulated blast-furnace slag (GGBFs) is an off-white powder as described in
Tasong et al. (1999). Figure 8-2 shows the color difference of GGBFs and OPC. Concrete
containing GGBFs often appears brighter in color in comparison with traditional Portland cement
concrete due to its fineness. A smoother surface can often be achieved with concrete containing
GGBFs due to its finer particle size. GGBFs has a bulk density of 1200 kg/m3, a specific gravity
of 2.8 and a specific surface of 425 to 470 m2/kg (Tasong et al., 1999). GGBFs powder is found
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to be a finer than Ordinary Portland Cement (OPC) powder as in the SEM image (Metla et al.
(2014) (Figure 8-3).

Figure 8-2: Physical appearances of GGBFs and OPC (Siddiqui 2008)
The chemical compositions of a slag significantly vary depending on the production
process. One key factor is the composition of the raw materials in the iron production process.
In the case of GGBFs, it floats to the top layer due to smaller density. Another key factor is the
cooling process (Chen, 2007). To obtain good cementitious property and reactivity, the slag melt
needs to be rapidly cooled or quenched below 800 °C in order to prevent any crystallization from
happening. To cool and fragment the slag a granulation process can be applied in which molten
slag is subjected to jet streams of water or air under pressure. In order to achieve a suitable
reactivity, the obtained fragments are grounded to reach the same or better fineness than Portland
Cement (Metla et al., 2014).
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Figure 8-3: SEM image of cement and slag particles (Metla et al., 2014)
The chemical composition of the slag is depending on the composition of the iron ores,
flux stones and fuels. The GGBFs made as cementitious material must be produced using
uniform raw materials with a consistent quality. The chemical composition of GGBFs from a
given source should only vary within narrow limits. In most cases, the 95% of GGBF is made of
four major oxides: lime, magnesia, silica and alumina. Minor elements include sulfur, iron,
manganese, alkalis, and trace amounts of several others (Lewis, 1982). There many different
chemical compositions from different literatures.

In summary, Lewis (1982) shows the

percentage range of GGBFS chemical compositions produced in the US (updated in 1992), while
Taylor (1997) shows the percentage range produced in France (Table 8-1).
Table 8-1: Chemical composition of GGBFs from US and France
Constituent
Lewis, 1992 Taylor, 1997
Lime (CaO)
32 ~ 45
38 ~ 44
Magnesia (MGO)
5 ~ 15
3.6 ~ 8.7
Silica (SiO2)
32 ~ 42
32 ~ 37
Alumina (Al2O3)
7 ~ 16
10 ~ 16
Sulfer (S)
1~2
0.68 ~ 1.25
Iron Oxide (Fe2O3)
0.1 ~ 1.5
0.3 ~ 9.3
Manganese Oxide (MnO)
0.2 ~ 1.0
0.3 ~ 1.3
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8.3 The Influence of GGBFs on Cement Hydration
The GGBFs alone is not capable of reacting with water. In slag concrete mix, the
alkalinity of OPC serves as a catalyst to activate slag reaction. When Portland cement reacts
with water, it hydrates and produces calcium silicate hydrate (CSH), the main component to the
cements strength, and calcium hydroxide (Ca(OH)2). The chemical equation of OPC can be
simplified as in R1. When GGBFs is added to the mixture, it also reacts with water and produces
CSH from its available supply of calcium oxide and silica. A pozzolanic reaction also takes
place which uses the excess SiO2 from the slag source, CA(OH)2 produced by the hydration of
the Portland Cement, and water to produce more of the desirable CSH (R2). However, R2
reaction is much slower in comparison with the OPC-water reaction (R1). Therefore, a GGBFs
concrete mix often results a low early age strength but an increase in later age strength. R2 also
has a 'pore-blocking' effect which can lead to increased long-term hardening of the cement paste.
The blocking of pores leads to higher strength, lower permeability and enhanced resistance to the
sulfate attack (Macphee et al., 1989). The chemical reactions (R1 and R2) with the attendance of
SiO2 from GGBFs are illustrated in Figure 8-4.

Figure 8-4: Chemical reaction of OPC and GGBFs (Anderson, 2009)
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C3S + H2O --------> C-S-H + Ca (OH)2

(R1)

Silica of GGBF Slag +Ca (OH)2 +H2O --------> C-S-H

(R2)

Figure 8-5: Rate of heat evolution at various GGBFs levels (Nasir et al., 2014)
8.4 The Effect of GGBFs on Heat and Strength Development of Concrete
The attendance of GGBFs in the cement paste decreases the hydration rate as explained
in Section 8.3. The decrease in hydration rate can be reflected by the heat generation and
strength development. Odler (1998) points out that the presents of GGBFs in large amount will
significantly decrease the hydration rate. Nasir et al. (2014) studied the effect of GGBFs to
hydration heat using calorimetry method. Figure 8-5 shows the heat generation histories of an
OPC mix and three GGBFs mixes in different percentages (25%, 45% and 65%). Robbins (2007)
also demonstrated the same effect in terms of cumulated heat generation as the GGBFs content
varies (Figure 8-6). A similar study was also conducted in WVU laboratory using the adiabatic
calorimeter described in Chapter 3. Mix 4 from Table 5-2 were used as the OPC mix design. 23%
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and 47% of the OPC were replaced with Grade 100 GGBFs from ESSROC company to create
two other mix designs for comparison purposes. Other ingredients in Mix 4 were kept the same.
The adiabatic temperature rises for the three mix designs were converted to energy per grams of
cementitious material and presented in Figure 8-7.

Figure 8-6: Total of heat evolution at various GGBFs levels (Robbins, 2007)

Figure 8-7: Total of heat evolution at various GGBFs levels (WVU lab testing)
147

As shown in Figure 8-7, the 47% GGBFs mix exhibited much lower heat generation rate
but a maintained a higher rate in later ages (after 120 hours). The total heat release of the 47%
GGBFs mix should be higher than the OPC mix. Similar effects were also found in strength
development. Researchers discovered a decrease in rate of strength gain in the early age and a
higher ultimate strength in concrete with GGBFs.
Hogan and Mesusel (1981) found that the compressive strength development was slow
for the first three days for concrete containing 40%-60% of GGBFs. Similar results were
obtained by Roy and Idorn (1982) for concrete with 20%-60% of GGBFs and Badu and Kumar
(2000) for concrete with 10%-80% of GGBFs. The harden concrete with GGBFs (age > 28
days) is found to be denser and higher in compressive strength in comparison with OPC concrete
(Basheer et al., 2002). The effect is due to the pore-filling effect during later age hydration.
Daube and Bakker (1983) indicated that the addition of GGBFs modifies the products and the
pore structures in a hardened cementitious material. Luo et al. (2003) studied the pore structures
of a 70% GGBFs concrete mixture in comparison with OPC concrete using a water-cementitious
ratio of 0.34. He reported that the hardened 70% GGBFs concrete mixture has a better pore
structure, especially after 60 day of concrete age. Better pore structure and extra CSH formed
due to the existence of GGBFs can improve the later age strength. Varies researchers have
reported a higher compressive strength of hardened GGBFs concrete than OPC concrete (Hogan
and Meusel, 1981; Hwang and Lin, 1986; Aldea et al., 2000: Miura and Iwaki, 2000). Khatib
and Hibbert (2005) studied the effect of GGBFs (0%-80%) on the flexural strength of concrete.
They demonstrated that from 40% to 60% of GGBFs content has a benefit in terms of higher
later age flexural strength (Figure 8-8).
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Figure 8-8: Influence of varying GGBFs contents in strength (Khatib and Hibbert, 2005)
Compressive strength development curves for the three mix design in Figure 8-7 were
also tested in WVU. The early age strength decreases while later age strength increases as
GGBFs content increases (23% and 47%). The comparison of the compressive strength of the
three mix designs is shown in Figure 8-9.

Compressive strength (MPa)

40
35
30
25
20

OPC (Mix 4)

15

47% slag

10
23% slag

5
0
0

100

200

300
400
500
Concrete age (hour)

600

700

Figure 8-9: Comparison of compressive strength development (WVU lab)
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8.5 The Effect of GGBFs on the Viscoelasticity of Concrete
The implementation of GGBFs in concrete has a significant impact on basic creep
behaviors of concrete. Researchers have performed basic creep tests on concrete containing
GGBFs in comparison with OPC concrete (Nevill et al. 1983; Brooks, 1992; Ghodousi et al.,
2009). Nevill et al. (1983) show that hardened concrete containing GGBFs has reduced creep
deformation than OPC concrete. Brooks et al. (1992) and Ghodousi et al. (2009) showed the
same findings for hardened concrete. But in the early ages, GGBFs concrete has a higher creep
deformation (Figure 8-10). This phenomenon illustrated in Figure 8-10 is due to the slower
reaction rate for GGBFs concrete in the early ages, because creep behavior is much more
pronounced as the loading age decreases. GGBFs concrete exhibited a larger creep deformation
due to a relatively smaller loading age or degree of hydration. In the later ages, GGBFs concrete
has a better pore structure which caused a lower later age creep.

Figure 8-10: Effect of slag on basic creep of sealed concrete samples (Brooks et al. 1992)
150

8.6 The Effect of GGBFs on the Autogenous and Drying Shrinkage of Concrete
The existence of GGBFs in concrete increases the autogenous shrinkage during concrete
hydration (Tazawa and Miyazawa, 1995; Lim and Wee, 2000; Li and Yan, 2001; Lura et al.,
2001; Lee et al., 2005) presented their results in different water cementitious ratios (Figure 8-11).
For water cementitious ratio of 0.27 to 0.37, the increase of GGBFs content will cause
autogenous shrinkage to increase from the very early ages.

Figure 8-11: Effect of slag on autogenous shrinkage with different W/C (Lee et al., 2005)
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Drying shrinkage is more damaging to concrete durability than autogenous shrinkage.
Many researchers studied the effect of GGBFs on concrete drying shrinkage. The results are
listed in Table 8-2. From Table 8-2, the results are not completely consistent. The reason could
be due to different starting point in measurement as mentioned by Lee et al. (2005). The
majority of results show that the existence of GGBFs increases the drying shrinkage of concrete.
However, the amount of drying shrinkage seems to be not affected by the percent of GGBFs.
Table 8-2: Effect of GGBFs on drying shrinkage of concrete (a summary of the findings from
literature)
w/c
0.42
0.48
0.38
0.51
0.51
0.51

% slag
20
25
25
4.5
36
68

Humidity (%)
50
50
50
50
50
50

Relative Shrinkage
0.8-1.0
1.02
0.89
1.17
1.13
1.08

Lankard, 1992

N/A

40

50

0.6

Ravindrarajah. et al., 1995

0.3
0.32

65
50
50
50
50
50

1.26
1.38
1.15
0.88
0.97
0.76

Klieger and Isberner, 1967
Chojnacki, 1981
Chern and Chan, 1989

Luther, 1999

0.45
0.45
0.45

35%
40
60
19
23
34

Khatri et al., 1995
Brooks et al., 1992

0.35
0.43
0.43
0.43
0.38
0.38
0.38
0.51
0.51

65
30
50
70
40
50
65
35
55

50
65
65
65
50
50
50
50
50

1.26
1.37
1.18
1.34
1.46
1.39
1.14
0.95
0.74

Wannamaker, 1996

0.38

25

50

0.79

Li and Yan, 2001

N/A

40

50

0.5

Chan et al., 1999

Hogan and Meusel, 1981

Tazawa et al., 1989

Note: relative shrinkage is the ratio of shrinkage of the OPC mix and the slag mix.
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8.7 Conclusions
One of the benefits of implementing GGBFs is the reduction of early age hydration heat.
The mass concrete definition table was built based on Mix 4 as discussed in Chapter 7. It is
recommended to study alternative mix designs with GGBFS based on which new mass concrete
definition tables can be developed. The new mass concrete definition tables will have the
potential of increasing minimum size of mass concrete from Table 7-1. If contractors agree to
use the new proposed low heat mix designs, more concrete elements will be able to be defined as
non-mass concrete so that the extra cost of the thermal control plan can be eliminated. Further
research is currently being carried out by WVU researchers on studying alternative "thermal
friendly" mix designs.
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CHAPTER 9 SUMMARY AND RECOMMENDATIONS
9.1 Summary
During this study, fourteen different elements from six bridge projects were instrumented
with temperature sensors. The early age temperature distributions of these fourteen concrete
elements were recorded. These elements were constructed using the common practice in West
Virginia. Eleven out of the fourteen real bridge elements exceeded 20 °C (35 °F) maximum
allowable temperature differential limit, and one of them exceeded 70 °C (158 °F) maximum
allowable center temperature limit. The concrete used in each member, casting time, initial
temperature, maximum center concrete temperature, the maximum temperature differential
between the center and the surface, as well as the time of the maximum differential appeared are
tabulated in Table 4-1 (Chen et al., 2015).. In addition, four 1.8-meter (6-foot) cubes, three 1.2meter (4-foot) cubes and one 0.9-meter (3-foot) cube were constructed in WVU. The measured
temperature histories were studied and used for validations of FEM results. During this study, a
good understanding was established on how the temperature development can be affected by
different factors including mix design, insulation and ambient temperature. It was understood
that the temperature differential can be reduced by decreasing the total cementitious material,
using mineral additives (slag or fly ash) to replace OPC and increase the surface insulation (Chen
et al., 2015).
Using the adiabatic calorimeter developed in this study, the adiabatic temperature rises
(ATR) of five different mix designs (Table 5-2) were experimentally measured which provided
the shape of the hydration curve in thermal analysis. The ATR results of five different mix
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designs were used to calibrate the thermal loading functions for the finite element thermal
analysis and made significant contributions to achieve accurate temperature profile predictions.
Finite element models were created using ABAQUS with the aid of FORTRAN
subroutines to predict the thermal stress development for the early age of concrete members.
The accuracy of the results was improved from a plain ABAQUS CAE model by adopting the
following modeling techniques in both thermal analysis and stress analysis.
In thermal analysis, the goal was to predict the temperature profile history of a concrete
member throughout the early age.

The FEM model created in this study considered the

variations of concrete properties during hydration, non-uniform heat generations inside the
concrete member, interface thermal resistance and external surface convection. FORTRAN
subroutines (DFLUX and USDFLD) were coded to incorporate solution-dependent material
properties and thermal loading function. As a result, the FEM model was able to predict the
early age temperature profile histories for seven different concrete cubes as well as a pier-cap in
the new Ices Ferry Bridge. The FEM results showed accurate correlations with experimental
temperature measurements.
In stress analysis, the model used the calculated temperature profile histories and the
mechanical properties of early age concrete to predict the thermal stress development for early
age concrete members (Chapter 6). The experiments were performed to obtain compressive
strength, tensile strength elastic modulus, thermal expansion coefficient and viscoelasticity.
FORTRAN subroutine (USDFLD) was developed and implemented to consider the elastic
modulus change during hydration and the viscoelasticity of early age concrete. Concrete tensile
creep and compressive creep behaviors were considered using a step-by-step incremental
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calculation algorithm. The influences from loading age and temperature effect were included in
the creep model to increase the modeling accuracy. The calculated total strain values were also
validated by experimental measurements.
9.2 Recommendations
Finite element models for thermal and stress analysis were created in this study to predict
the temperature and stress development for early age concrete members. Potential modifications
can still be made to improve the modeling accuracy. The models were made for the concrete
cubes without structural steel reinforcement. For the case of the pier-cap from the new Ices
Ferry Bridge (Section 5.9), the predicted center temperature seems to be decreasing slower than
the measured temperature. The thermal conductivity of the steel is much higher than plain
concrete. Therefore, the steel reinforcement can lead to a faster heat flow from the concrete core
to the surfaces. The error in Figure 5-42 is likely because that the effect of steel reinforcement
was not considered in the FEM model. It is not feasible to add each steel bar to the model for
different structures. The steel reinforcement has a similar effect as the cooling pipes used for
post-cooling treatment mentioned in Section 2.5. For the benefit of further reducing the thermal
stresses, it is recommended to study the effect of the steel reinforcement ratio on the overall
thermal conductivity of the reinforced concrete members.
Furthermore, the moisture level inside the concrete was assumed to be 100% because the
concrete cubes were covered during the early age. However, formwork removal in real world
constructions can be conducted in very early age. Surface drying shrinkage can increase the
tensile stresses in addition to the early age thermal stress. The chance of having surface cracking
can be increased due to surface moisture loss. Therefore, it is recommended to study the drying
shrinkage effect due to formwork removal.

It is strongly recommended that keeping the
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formwork in place for an extended period of time to prevent any surface drying or thermal shock
for early age concrete members.
Further study is needed to improve the finite element model to take the external
insulation layers into consideration. Adding insulation is a cost-effective solution to reduce the
thermal stress. It will be beneficial to create new mass concrete definition tables considering
external insulation. Therefore, the cost of thermal control plan can be eliminated for larger
concrete elements when insulation is provided. For example, the thermal blanket commonly used
in West Virginia can be studied in terms of thermal resistance. Furthermore, studies on the
nonlinear creep behavior with high stress to strength ratio and the unloading influence of the
tensile and compressive creep in stress analysis are recommended.
Finally, in order to guide engineers and contractors to effectively reduce the possibility of
thermal cracking, development of a good management practice is also recommended which
covers choices of mix design, surface insulation, choices of casting time, pre-cooling, postcooling, curing method and recommended time of formwork removal.
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